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Abstract 
 
The naphtho[2,3 c]pyran ring system is generally found amongst natural products as the 
5,10  or 6,9 quinones.  These compounds display a wide range of biological activities, and 
as such, have been synthesised by various research groups.  The synthetic work described 
in this thesis is directed towards finding shorter, more convergent routes to enantiopure 
quinone A 10, quinone A' 11 and quinone pm 13, three derivatives of the aphid insect 
pigments protoaphin fb 6, protoaphin sl 7 and protoaphin pm 9, respectively. 
 
The first chapter describes the previous syntheses of some naphtho[2,3 c]pyrans including 
those relating to the aphid insect pigment derivatives.  Also detailed is the ability of these 
naphthopyranquinones to act as potential bioreductive alkylating and dialkylating agents.  
The  latter  part  of  the  chapter  records  some  of  the  previously  achieved  assemblies  of 
quinones  A  10  and  A'  11  in  both  racemic  and  enantiopure  form,  as  well  as  the  only 
synthesis of enantiopure quinone pm 13. 
 
Chapter 2 involves the preparation of regioselectively halogenated aryldioxolanes starting 
with the allylation of brominated and chlorinated phenols.   The isomerisation of these 
dioxolanes into the corresponding halogenated 2 benzopyrans is then investigated. 
 
Chapter  3  examines  the  regioselectivity  of  the  Diels Alder  reaction  between  protected 
benzopyranquinones and the substituted diene 1 methoxy 1,3 bis(trimethylsilyloxy) buta 
1,3 diene 80.  Such protection involves preparing the acetates and methoxymethyl ethers of    
  vi 
the benzopyranquinones. The latter part of the chapter describes the direct bromination of 
benzopyranquinones. 
 
Chapter 4 reports on the stereoselective reaction between metal phenolates and the chiral 
aldehyde  108  to  subsequently  afford  naphthyldioxolanes  264,  291,  292  and  295.    The 
rearrangement  reaction  of  the  derived  naphthyldioxolane  295  is  then  investigated.   
  vii 
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1  Introduction 
1.1  General 
Naturally  occurring  quinones  constitute  a  vast  and  varied  collection.    They  have  been 
isolated from various microorganisms, fungi, higher plants and animals.  Naphthoquinones 
are the largest subgroup of natural quinones of which over 350 are found in nature.  The 
naphthoquinones have been comprehensively reviewed up to 1997.
1 4  
 
A  significant  number  of  these  can  be  classified  as  naphthopyranquinones.
1 5    The 
naphtho[2,3 c]pyran ring system for these natural products is given by structure 1.  The 
quinones occur as either the 5,10 diones (structure 2) or the 6,9 diones (structure 3). 
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Some members of this group contain an additional γ lactone ring fused to the dihydropyran 
moiety as the basic sub unit, as in structure 4.  Others possess a carboxylic acid side chain 
(structure 5), a ring opened variant of the γ lactone.
6  
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Naphthopyranquinones  are  particularly  important  for  they  have  been  shown  to  exhibit 
activity against a variety of Gram positive bacteria, pathogenic fungi and yeasts, as well as 
antiviral  activity.    They  have  also  been  proposed  to  act  as  bioreductive  alkylating  and 
dialkylating agents.
6,7 It is these properties that have made the naphthopyranquinones such 
valuable synthetic targets. 
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The group of naphthopyranquinones that form the basis of this thesis are the derivatives of 
the aphid insect pigments protoaphin fb 6,
8 protoaphin sl 7,
8 deoxyprotoaphin 8
9 and the 
recently reported protoaphin pm 9.
10  
 
Quinone A 10, quinone A' 11, deoxyquinone A 12 and quinone pm 13 were all obtained by 
reductive  cleavage  of  protoaphin fb  6,
8  protoaphin sl  7,
8  deoxyprotoaphin  8
9  and 
protoaphin pm 9
10 respectively, together with, in each case, the same glucoside B 14. 
 
O O O
O
O
O
O
O
O
OH
HO
OH
HO
OH
HO
OH OH
10 11 12
O
O
O
OH
HO
13
OH
O
OH GlcO
HO
OH
14  
 
A  short  review  of  the  syntheses  of  some  other  relevant  naphthopyranquinones  will  be 
discussed  in  Section  1.2,  followed  by  the  potential  of  the  aphid  pigments  to  act  as 
bioreductive alkylating and dialkylating agents in Section 1.3.  Previous syntheses of both 
quinone A and quinone A' in racemic and enantiopure forms will be examined respectively 
in sections 1.4 and 1.5.  Finally, the syntheses of enantiopure 2 benzopyran 5,8 quinones 
related to the aphid insect pigments will be discussed in section 1.6.    
  4 
1.2  Previous Syntheses 
1.2.1  The Eleutherins 
The original synthesis of the eleutherins, by Eisenhuth and Schmid,
3,11 commenced with the 
conversion  of  5 methoxy 1 naphthol  into  the  allylquinone    15.    Reduction  to  the 
hydroquinone 16 and subsequent cyclisation gave the furan 17, which was reoxidised to 
give the hydroxypropylquinone 18.  Condensation of compound 18 with acetaldehyde gave 
a separable mixture of (±) eleutherin 19 and (±) isoeleutherin 20. 
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Naruta et al.
12 and Uno
13 reported a high yielding synthesis of the racemic eleutherins 19 
and 20 via intramolecular oxymercuration
14 of the key naphthalene 23, which itself was    
  5 
obtained  by  the  Lewis  acid mediated  allylation
15  of  2 acetyl 8 methoxy 1,4 
naphthoquinone 22.   
 
OMe OH
OMe
OMe O
O
O
OMe OMe
OMe
OH
O
OMe OMe
OMe
O
OMe OMe
OMe
1. Ac2O
2. BF3.OEt2, 120 °C
3. CAN
21 22
Me3Sn 1.
BF3.OEt2
2. MeI
3. LiAlH4
1. Hg(OAc)2
2. NaBH4
23
24 25
19 20
Scheme 2
+
 
 
Compound 22 was initially obtained in three steps from the naphthol 21.  The formation of 
the key intermediate 23 resulted from nucleophilic addition of allyltrimethylstannane
15,16 to 
22 in the presence of boron trifluoride diethyl etherate, followed by methylation and then    
  6 
carbonyl reduction.  Intramolecular acetoxymercuration
14 of 23 followed by reduction with 
sodium  borohydride  gave  the  two  isomeric  naphthopyrans  24  and  25  (ca.  1:1).    After 
separation, individual oxidation with cerium(IV) ammonium nitrate afforded eleutherin 19 
and isoeleutherin 20 respectively.
11  
 
In contrast to these earlier  methods,  Giles et  al.
17 21 developed a novel method for the 
completely stereoselective cyclisation of the racemic alcohol 23, affording exclusively the 
trans isomer  25.    The  cyclised  product  25  was  obtained  in  an  88%  yield  by  treating 
compound  23  with  t butoxide  in  dimethylformamide.    Oxidation  with  cerium(IV) 
ammonium nitrate then gave (±) isoeleutherin 20.  This methodology was also applied by 
Giles and colleagues
18 to convert the tetramethoxy analogue 26 into racemic deoxyquinone 
A dimethyl ether 27 (Scheme 3). 
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Donner et al.
22 recently reported the first synthesis of enantiomerically pure eleutherin 19.  
The sequence starts with (S) mellein 28, obtained from the appropriate stereoisomer of 
propylene oxide.
23  According to the method of Kraus et al.
24,25 the lactone 28 was treated 
with  methyl  magnesium  bromide,  followed  by  reduction  with  trifluoroacetic  acid  and 
triethylsilane  to  yield  1,3 dimethylpyran  29.    Subsequent  dibromination  followed  by    
  7 
oxidation with ceric ammonium nitrate afforded the (1R,3S) benzoquinone 30.  Treatment 
of the benzoquinone 30 with 1 methoxy 1,3 cyclohexadiene 31 in benzene, followed by 
pyrolysis, proceeded to give eleutherin 19 in 13% yield. 
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1.2.2  Kalafungin and the Nanaomycins 
Kalafungin 32 and nanaomycin D 33 are a pair of naturally occurring enantiomers, the 
former  possessing  the  (3aR,5R,11bR)   and  the  latter  the  (3aS,5S,11bS) configurations 
depicted below. 
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The first syntheses of the racemate of kalafungin 32 and nanaomycin D 33, as well as the 
racemate  of  nanaomycin  A  41,  were  reported  in  by  Li  and  Ellison  in  1978.
26    Their 
approach, depicted in Scheme 5, was based on the same methodology developed by Schmid 
for the synthesis of the eleutherins.
11   
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The  quinone  15  was  converted  into  the  aldehyde  34  over  four  steps.
26    A  subsequent 
reaction of ketene ethyl t butyldimethylsilyl acetal 35 with 34 in the presence of a catalytic 
quantity of titanium tetrachloride yielded the β hydroxy ester 36.  Oxidative demethylation 
using ceric ammonium nitrate gave the quinone 37.  
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Reduction of 37 with zinc and hydrochloric acid in tetrahydrofuran and subsequent reaction 
with acetaldehyde produced the intermediate pyran 38.  This intermediate was oxidized    
  10 
with  silver(I)  oxide  and  then  O demethylated  using  aluminium  chloride  to  provide  the 
naphthopyranquinone 39.  Epimerisation of the C 1 methyl was achieved by treatment of 
39 with concentrated sulfuric acid to form the mixture of trans and cis isomers 40 in a 2:1 
ratio  respectively.    These  individual  diastereoisomers  were  separated  by  fractional 
crystallisation.  Racemic nanaomycin A 41 was obtained by hydrolysis of the ethyl ester 
group of the trans isomer of 40 with concentrated hydrochloric acid.  Aerial oxidation of 
nanaomycin A 41 in methanol gave a racemic mixture of kalafungin 32 and nanaomycin D 
33.
26 
 
Kraus et al. reported a much shorter synthesis of racemic kalafungin 32 in 1995.
27  The 
synthetic  strategy  employed  is  outlined  in  Scheme  6  and  proceeds  via  a  completely 
regioselective Diels Alder reaction.  
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The  starting  diol  42  was  treated  with  palladium  acetate  and  cupric  chloride  in  an 
atmosphere of carbon monoxide to give the pyranolactone 43.  Subsequent oxidation using 
silver(II) oxide afforded quinone 44.  Treatment of quinone 44 with 1 trimethylsilyloxy 
1,3 butadiene in dichloromethane followed by Jones oxidation yielded (±) kalafungin 32 in 
a 63% yield from the lactone 43.    
 
More recently, Fernandes and Brőckner
28 reported the syntheses of  (+) kalafungin and ( ) 
nanaomycin D by asymmetric dihydroxylation, oxa Pictet Spengler cyclisation and H2SO4 
mediated isomerisation.   Starting with the inexpensive 1,5 naphthalenediol 45, the allyl 
acetate 46 was obtained over 5 steps.
28  This allyl acetate 46 was converted into the β,γ 
unsaturated  ester  47  by  catalysis  using  Pd2(dba)3 CHCl3  in  the  presence  of  Ph3P  and 
NaBr.
29    Subsequent  asymmetric  dihydroxylation  of  47  using  (DHQD)2 PHAL  as  the 
stereoinducing ligand gave the hydroxylactone 48, while (DHQ)2 PHAL was employed to 
obtain the hydroxylactone ent 48.  Hydroxylactones 48 and ent 48 were converted into the 
tetracyclic  dihydropyrans  49  and  ent 49,  respectively.    Cerium(IV)  ammonium  nitrate 
oxidation of compounds 49 and ent 49 gave rise to quinones 50 and ent 50, respectively.  
Subsequent  demethylation,  inversion  of  the  stereochemistry  at  C 5  and  recrystallisation 
afforded pure (+) kalafungin (+) 32 (from 50) and pure ( ) nanaomycin D ( ) 33 (from ent 
50).      
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1.3  Naphthopyranquinones  as  Potential  Bioreductive  Alkylating 
and Dialkylating Agents 
Bioreductive alkylating agents are compounds which become potent alkylating agents after 
they undergo reduction in vivo.  Such reactive species may then alkylate DNA, RNA and/or 
other biological structures and thus potentially be effective cancer inhibitory drugs. 
 
In a review on this topic, Moore
6,7 suggested four simple models to catalogue potential 
bioreductive alkylating agents: (1) activated enamines; (2) vinylogous quinone methides;    
  14 
(3) simple quinone methides and (4) α methylene lactones or lactams as key alkylating 
agents in vivo. 
 
Sartorelli’s group have found that naphthoquinone derivatives which have the potential to 
form  ortho quinone  methides  after  reduction  in  vivo  to  the  unstable  hydroquinone 
derivatives show distinct antineoplastic activity.
30  Members of the naphthopyranquinone 
family  of  natural  products  are  ideally  suited  to  function  as  bioreductive  alkylating  or 
dialkylating agents in vivo, as described by Moore,
6,7 outlined in
 Scheme 8 below.  
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Using  quinone  A  10  as  an  illustrative  example,  bioreduction  afforded  the  electron rich 
hydroquinone 51, from which the quinone methide 52 is formed through loss of water.  
Concurrent expulsion of the remaining oxygen leaving group in 52, which is benzylic to the 
phenolic  system,  results  in  a  potent  dialkylating  agent  53.  The  resulting  two  quinone 
methide functionalities can each alkylate a nucleophilic centre on a biomolecule such as 
DNA.  Such  compounds  may  then  show  significant  antineoplastic  activity.
30    Thus,  for 
example, quinone A 10 and quinone A' 11 on the one hand, and deoxyquinone 12 on the 
other,  may  be  classified  as  potential  bioreductive  di   and  mono alkylating  agents, 
respectively. 
 
1.4  The  Synthesis  of  Racemic  Quinone  A,  Quinone  A'  and 
Deoxyquinone A 
Since our interest is focused on the aphid pigment derivatives themselves, it is pertinent to 
examine the syntheses of quinone A, quinone A' and deoxyquinone A.  The first, and only, 
assembly of racemic quinone A, quinone A' and deoxyquinone A was published in two 
consecutive papers by Giles et al. in 1988.
31,32 
 
Brassard’s diene 54 underwent a Diels Alder addition reaction with 1,4 benzoquinone 55, 
followed by direct O alkylation of the adduct, and subsequent acylation, to give naphthol 
56 in a 48% overall yield.
32  Oxidation to the quinone 57 using cerium(IV) ammonium 
nitrate, followed by allylation, then methylation, afforded the naphthalene 58 in a 61% 
yield for the three steps.   
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At this point in the sequence it was necessary to change the protecting group at O 7 from 
isopropyl to benzyl to allow its ready removal in the final step of the synthesis.  An excess 
of  boron  trichloride  was  thus  used  to  remove  both  the  methyl  from  the  oxygen  at  the 
position  ortho  to  the  carbonyl  group  and  the  isopropyl  group  on  O 7.    Subsequent 
dibenzylation afforded compound 59, which was reduced with lithium aluminium hydride 
to give the alcohol 60.
31  The next step was the completely stereoselective base induced 
cyclization of the alcohol 60 to the trans 1,3 dimethylnaphtho[2,3 c]pyran 61 in excellent 
yield.  This reaction is unusual in that the mechanism appears to involve intramolecular 
nucleophilic  attack  on  an  unactivated  double  bond.
17,21    Other  examples  of  this 
phenomenon using unrelated substrates were reported shortly thereafter.
33 35 
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Oxidation of the naphthopyran 61 to its quinone, followed by deprotection with an excess 
of boron trichloride, gave rise to (±) deoxyquinone A 12.
31 
 
A  novel  system  of  potassium  t butoxide  in  dimethyl  sulphoxide,  with  oxygen  bubbled 
through the solution, was used for the oxygenation of the naphthopyran 61.  This gave rise 
to a mixture of hydroxylated products 62 and 63, in which the pseudoequatorial alcohol 62 
was favoured.  The predominating alcohol 62 could then be oxidized and deprotected, in a 
similar manner to the naphthopyran 61, to afford quinone A 10 as a racemic mixture.
31 
 
The  quinone  64  was  easily  obtained  by  oxidizing  the  epimeric  alcohol  63.  However, 
subsequent treatment with an excess of boron trichloride led to decomposition. In a milder 
process, the quinone 64 was demethylated with a limited amount of boron trichloride and    
  18 
then hydrogenolysed to cleave the benzyl ether.  The derived hydroquinone then underwent 
aerial re oxidation to furnish racemic quinone A' 11.
31 
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1.5  The Syntheses in Enantiopure Form of Quinone A, Quinone 
A', and Their Two C-3 Epimers 
Having achieved the syntheses of quinone A 10, quinone A' 11 and deoxyquinone A 12 as 
their  racemates,  the  assembly  of  the  enantiopure  quinones  was  considered  for  several 
reasons.  First, any use of these or related compounds for medicinal purposes, perhaps as a 
consequence of their potential as bioreductive alkylating agents, might well require the use 
of a single enantiomer.  Secondly, a synthesis of the protoaphins (6, 7, 8 and 9) would 
require coupling of the appropriate enantiopure quinone with enantiopure glucoside B 14 in 
order to avoid the possibility of diastereoisomeric mixtures of the protoaphins.   
 
The use of the previously established assembly of the racemic quinones described above 
would  require  the  completely  enantioselective  reduction  of  the  ketone  59  to  give  the 
alcohol 60.  Attempts to achieve this through asymmetric induction have since shown that 
the  required  enantioselectivity  would  be  incomplete.
36    New  methodology  using 
enantiopure starting materials from the chiral pool were therefore sought. 
 
In  1999,  Giles  and  Joll  published
37  the  first  asymmetric  synthesis  of  the  2 
benzopyranquinone  76,  which  possesses  the  correct  absolute  stereochemistry  of  the 
substituents about the pyran ring for the enantiomer of the aphid insect pigment derived 
quinone A 10.  
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The synthesis began with the commercially available 2,5 dihydroxyacetophenone 65 being 
converted into the benzyl bromide 66 over five steps. The first three of these steps were 
achieved  in  an  overall  yield  of  86%,  with  the  remaining  two  steps  also  high  yielding.  
Conversion of the benzyl bromide 66 into the diastereoisomeric mixture of esters 68 was 
achieved by adding ethyl (S) lactate 67 in the presence of silver trifluoroacetate.   
 
Reduction  of  this  mixture  of  esters  68  with  lithium  aluminium  hydride  produced  the 
corresponding diastereoisomeric alcohols 69 and 70 in a total yield of 94%, with careful 
chromatography affording the individual diastereomers 69 and 70 in an approximate ratio 
of 55:45.  Swern methodology
38,39 was then employed in oxidizing the individual alcohols 
69 and 70 to the corresponding aldehydes in high yields.  Subsequent hydrogenolysis of the 
aromatic  benzyl  ether  protecting  groups  occurred  smoothly  to  furnish  the  phenolic 
aldehydes 71 and 72, respectively, in excellent crude yields.  No racemisation occurred at 
the  asymmetric  carbon  alpha   to  the  carbonyl  group  in  either  of  the  esters  68  or  the 
aldehydes 71 and 72.   
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An  intramolecular  version  of  the  methodology  of  intermolecular  diastereoselective  C 
arylation of asymmetric aldehydes developed by Casiraghi et al.
40 45 was employed on the 
phenolic aldehydes.  A dilute solution of the phenolic aldehyde 71 in methylene chloride    
  22 
was  treated  with  titanium  tetraisopropoxide  under  ultrasonic  irradiation  giving  the 
benzopyrandiol 73 in high yield and in a completely stereoselective cyclisation.  Similar 
cyclisation  of  the  epimeric  phenolic aldehyde 72  with  titanium  tetraisopropoxide  under 
ultrasonic irradiation produced a mixture of the two diols 74, as the major product, and 75, 
as the minor product.  Finally, oxidative demethylation was achieved using silver(II) oxide.  
This  provided  the  asymmetric  quinone  76,  in  a  yield  of  91%  from  73,  as  well  as  the 
asymmetric quinone 77 in an unoptimised yield of 25% from the mixture (3:1) of 74 and 
75. 
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Following this work by Giles and Joll
37,40 it was envisaged that a reasonable synthesis of   
enantiopure  quinone  A  10  could  be  achieved  utilizing  the  regioselective  Diels Alder 
reaction of quinone 79 and 1,3 bis(trimethylsilyloxy) 1 methoxybuta 1,3 diene 80.  It was    
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anticipated that oxidative demethylation of compound 78 could be achieved by treatment 
with cerium(IV) ammonium nitrate, as shown in Scheme 11.  The bromine atom in the 
benzopyranquinone 79 was necessary to direct the regioselective Diels Alder reaction.
46 49 
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This synthesis was attempted by C. P. Taylor,
50 a PhD student in the Giles research group. 
Taylor managed to make the compound 78,
51 but all attempts at oxidation to the quinone 79 
either failed or led to the decomposition of starting material.
10  It appeared that the bromine 
substituent,  and  the  resultant  crowding,  interfered  with  the  oxidative  demethylation 
reaction.   
 
This  problem  was  eventually  overcome  by  changing  the  methyl  protecting  group  to  a 
benzyl protecting group.
10  Compound 81, with the alternative benzyloxy protection of the 
oxygen  at  C 2,  was  produced  from  2,5 dihydroxyacetophenone  65  over  three  steps  in 
excellent yield.   
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Reduction of the ketone function in 81 with sodium borohydride gave the benzylic alcohol 
82 which was in turn converted into its trichloroacetimidate 83 using trichloroacetonitrile 
and a catalytic quantity of sodium hydride.
52  Imidate 83 was treated with methyl (R) 
lactate 84 in the presence of a catalytic amount of boron trifluoride diethyl etherate
53 to 
yield an inseparable mixture of the benzyl epimeric lactates 85 in a ratio of 1.3 : 1, as 
judged by 
1H NMR spectroscopy.  The overall yield of this mixture 85 was 51% over the 
six steps from 2,5 dihydroxyacetopheneone 65. 
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The  ester  mixture  85  was  then  treated  with  just  sufficient  lithium  aluminium  hydride 
(without  also  removing  bromine)  to  effect  complete  conversion  into  the 
chromatographically separable benzyl epimeric alcohols 86 and 87, obtained in a combined 
yield  of  91%  and  individual  yields  of  52%  and  39%  respectively.    Subsequent  Swern 
oxidation
38 of the individual alcohols 86 and 87, followed by removal of the silyl protecting 
group, afforded the phenolic aldehydes 88 and 89 respectively. 
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Using ultrasound, the phenolic aldehyde 88 was cyclised with titanium isopropoxide
37,41,42 
to afford solely the benzopyran 4,5 diol 90 in a completely diastereoselective reaction.  The 
benzyl epimeric  lactaldehyde  89  was  also  cyclised  with  titanium  tetraisopropoxide  and 
ultrasound  but  this  reaction  proved  to  be  only  partially  diastereoselective,  with  the 
formation of the two chromatographically separable C 4 epimeric benzopyran 4,5 diols 91 
and 92.   
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The benzyl protecting group at C 4 in compound 90 was removed through hydrogenolysis 
using  the  catalyst  palladium  on  carbon  in  tetrahydrofuran  to  afford  the  required 
hydroquinone  93.    Oxidation  to  the  quinone  79  was  then  achieved  with  cerium(IV) 
ammonium  nitrate.    This  proved  to  be  an  important  breakthrough,  for  it  provided  a 
synthetic pathway to the brominated quinone 79, which proved elusive in the previously    
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mentioned case where crowding about the methyl protecting group on the oxygen at C 4 in 
analogue 78 prohibited all oxidation attempts.
10,50   
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The brominated quinone  97, the C 4 pseudoaxial epimer of 79 required for the synthesis of 
quinone  A'  11,  could  not  be  obtained  readily  by  the  cyclisation  of  the  magnesium 
phenolate
41,42  of  phenolic  lactaldehyde  88,  presumably  owing  to  the  inability  of  the 
magnesium to coordinate effectively to both the carbonyl and lactaldehyde oxygen atoms.  
Thus, an alternative route to 97 was needed.  The methyl ether 94 was formed through    
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phenolic methylation of the benzopyran 90.  Phosphorus pentachloride, followed by silver 
nitrate  in  aqueous  acetonitrile,
31  was  used  to  reverse  the  C 4  pseudoequatorial 
stereochemistry  of  this  alcohol  94,  affording  95  in  87%  yield.    Debenzylation  of  this 
hydroquinone dialkyl ether 95 and subsequent oxidation of the hydroquinone monomethyl 
ether  96  provided  the  brominated  quinone  97.    The  ready  oxidation  of  the  5 methoxy 
compound 96 confirmed the earlier assumption that steric crowding prevented the oxidation 
of its isomer 78. 
 
Quinone A 10 was obtained in a yield of 30% from the Diels Alder reaction between 79 
and the diene 80.   
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Similar reaction of the diene 80 with quinone 97 provided quinone A' 11 in a 20% yield.  
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Two  further  naturally  derived  C 3  epimers  13  and  98  of  quinone  A  and  quinone  A' 
respectively were also isolated by Cameron and Banks, but only recently synthesized.
10  
These were assembled
10 by the related reactions of the diene 80 with quinones 99 and 100, 
obtained from the benzopyrans 101 and 102, the enantiomers of the benzopyrans 92 and 91 
respectively.   
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These enantiomers were obtained by the same sequence described for the assembly of 92 
and 91, starting, however, from the commercially available ethyl (S) lactate.  Thus the first 
routes had been developed for the syntheses, in principle, of all eight possible enantiopure 
diastereoisomers  of  3,4 dihydro 4,7,9 trihydroxy 1,3 dimethylnaphtho[2,3 c]pyran 5,10 
quinones, starting from either (R)  or (S) lactate. 
   
The  problem  with  the  above  syntheses  was  though  almost  all  the  steps  leading  to  the 
syntheses were high to very high yielding, the final Diels Alder reaction on each of the 
benzopyranquinones was consistently about 20 30% for each stereoisomer.  Furthermore,    
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the synthesis of each of the target quinones was achieved through a linear sequence, each 
with  a  significant  number  of steps.    Thus for  example,  quinone A  10 was  obtained  in 
thirteen steps from 2,5 dihydroxyacetophenone 65 in an overall yield of about 3.5%, and 
quinone A' 11 in fifteen steps in a similar yield. 
 
1.6  Further Investigations into Shorter, More Convergent Routes 
to Enantiopure Quinone A, Quinone A' and Quinone-pm  
In seeking shorter, more convergent routes to the derivatives quinone A 10, quinone A' 11 
and quinone pm 13 of the aphid insect pigments, the protoaphins,
8,10 Giles et al. reported
40 
on  the  complementary  diastereoselectivity  achieved  when  titanium  or  magnesium 
naphtholates  react  with  ethoxyethyl protected  (R) lactaldehyde  as  the  initial  source  of 
asymmetry.  These reactions afford the benzyl epimeric adducts 105 and 106, respectively, 
as appropriate retrosynthetic targets for quinone A 10 and quinone A' 11. 
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It remained to establish a convenient method for the cyclization of these adducts 105 and 
106, to form the naphthopyran skeleton.  Based on these ideas Giles et al. investigated and 
reported on model reactions that yielded the related parent 2 benzopyrans in enantiopure 
form.
54   
 
The  titanium  phenolate  107  of  4 methoxyphenol  was  combined  with  the  cheaper 
ethoxyethyl protected (S) lactaldehyde 108
55 under ultrasonication
42 to give the adduct 109 
(Scheme 14), which was obtained in a diastereoisomeric ratio of 93:7 together with the 
alternative benzyl epimer 114, shown in Scheme 15.  Significant quantities of starting 4 
methoxyphenol were also recovered in this reaction since this starting material was less 
electron rich than naphthol 103 investigated earlier.  The crude reaction mixture of 109 was 
subsequently  treated  with  10 camphorsulfonic  acid  and  1,1 dimethoxyethane  which 
afforded  the  enantiopure  all cis  phenolic  dioxolane  as  the  sole  cis 4,5 diastereoisomer.  
Direct  tosylation  of  this  crude  reaction  mixture  led  to  an  inseparable  mixture  of  the 
tosylated dioxolane 111 and the tosylate of the starting material 4 methoxyphenol.  Thus, 
acetylation was required in order to facilitate the careful chromatographic separation of 
enantiopure dioxolane 110 from the acetate of the starting material 4 methoxyphenol, as 
well as the minor quantities of the enantiopure diastereomeric dioxolane 116, epimeric at 
C 2.  
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Attempted  isomerization  of  the  dioxolane  110  with  titanium  tetrachloride  led  to  its 
decomposition.  However, conversion of the acetate 110 into the enantiopure tosylate 111 
provided  more  stable  protection  for,  and  reduced  electron  availability  from,  the  ortho 
tosyloxy  oxygen  atom.
54    The  tosylate  111  was  isomerized  cleanly  using  titanium 
tetrachloride  to  afford  the  enantiopure  2 benzopyran  112  as  the  sole  product,  although 
starting dioxolane 111 was recovered together with the corresponding erythro diol, which 
was readily reconverted into the dioxolane 111.  Based on the recovery of starting material 
111 and diol, the product 112 was obtained in a yield of 95%.  The known
37 enantiopure 2 
benzopyran 4,5 diol 73 was produced upon hydrolysis of the tosylate 112 in 81% yield.  
This diol 73 has been converted previously through oxidative dealkylation with silver(II)    
  33 
oxide into the enantiopure 2 benzopyran 5,8 quinone 76 in a yield of 91%.
37  The diol 73 
and the quinone 76 derived by this method were identical to those obtained previously.
37 
 
The same lactaldehyde 108 was reacted with the alternative bromomagnesium phenolate 
113 to give the benzyl epimeric adduct 114 (Scheme 15) in a diastereoisomeric ratio of 
93:7  accompanied  by  the  previous  adduct  109  as  the  minor  benzyl  epimer,  as  well  as 
considerable quantities of the starting material 4 methoxyphenol.  In the same manner as 
shown in Scheme 14, the adduct 114, without purification, was converted into the C 2 
epimeric  mixture  of acetoxyphenyldioxolanes 115,  once  again  in  order  to  separate  115 
chromatographically from the acetate of the starting material.  The dioxolane mixture 115 
was in turn converted into the corresponding mixture of C 2 epimeric tosyloxydioxolanes 
116,  through  hydrolysis  and  reprotection.    Based  on  consumed  phenol,  the 
acetoxyphenyldioxolanes  115  were  obtained  in  an  overall  yield  of  70%,  while  the 
subsequent hydrolysis and reprotection were achieved in 84% over the two steps. 
 
    
  34 
O O
OMe
OMgBr O
OMe
OH OH
OEt OEt
113 108 114
+
O
O
OMe
AcO
115
O
O
OMe
TsO
116
1. KOH, MeOH
2. TsCl, K2CO3
O
OMe
TsO OH
118
Scheme 15
1. CH3CH(OMe)2
and CSA
2. Ac2O, py
O
OH
O
O
121
O
OMe
TsO OH
117
O
OMe
OH OH
119
O
OMe
OH OH
75
O
OH
O
O
120
TiCl4
+
 
    
  35 
The clean conversion of the C 2 epimeric dioxolanes 116 into the mixture of C 1 epimeric 
2 benzopyrans  117  and  118  was  achieved  using  titanium  tetrachloride,  although,  once 
again, starting dioxolanes 116 and threo diol  were  also recovered.  The threo diol was 
recycled to the mixture of dioxolanes 116.  The individual 2 benzopyrans 117 and 118 were 
separated by chromatography in yields of 44% and 14%, respectively, or 66% and 21%, 
respectively, based on consumed dioxolanes 116.  Individual hydrolysis of each of these 
afforded  the  corresponding  4,5 diols  75  and  119,  each  in  a  yield  of  84%.    Oxidative 
dealkylation of the diol 75 with silver(II) oxide yielded the enantiopure quinone 120, while 
similarly, the diol 119 gave the enantiopure quinone 121, in unoptimized yields of 72% and 
67%, respectively.
54 
 
Overall,  this  represents  a  more  concise,  convergent  synthesis  of  the  enantiopure  2 
benzopyranquinones  76,  120  and  121  from  the  inexpensive,  commercially  available  4 
methoxyphenol, in eight steps and in an overall yield of 31% for the quinone 76.  The route 
described in Scheme 10 for quinone 76 was achieved in an overall yield of 11% in twelve 
steps.  In either sequence the corresponding enantiomers are available from R lactate.  The 
absolute  configurations  of  quinones  76  and  121  are  enantiomeric  to  those  required  for 
quinone A 10 and quinone A' 11, so the natural derivatives would be available using R 
lactate.  Quinone 120 has the correct absolute stereochemistry for quinone pm 13.  Thus, 
the assembly of the three benzopyranquinones 76, 120 and 121 provides models for the 
related syntheses of the three protoaphin derived quinones A 10, A' 11 and –pm 13. 
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The lack of sufficient electron availability on the aromatic ring is no doubt responsible for 
the  recovery  of  starting  material  and  the  lack  of  complete  diastereoselectivity  in  the 
formation of the benzyl epimeric adducts 109 and 114.  This is supported by the fact that 
the reaction of the lactaldehydes 108 with the more electron rich naphtholates derived from 
4,5,7 trialkoxynaphthols  consumes  all  starting  material  and  proceeds  with  complete 
diastereoselectivity.
40  Furthermore, with respect to the isomerisation of the dioxolanes 111 
and 116, in which reactions were also incomplete, the addition of a further methoxy group 
on the aromatic ring para to the required site of electrophilic substitution increases the 
electron availability.
56     
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Thus, as seen in Scheme 16, the isomerisation of dioxolane 122 to the benzopyran 123 
proceeds  in  96%  yield  with  only  one  equivalent  of  titanium  tetrachloride  without  the 
recovery of starting material.
56 
 
Similarly,  the  dioxolane  124  affords  the  benzopyran  125  in  a  97%  yield  with  the 
consumption of all starting material. 
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It is interesting to note that only one C 1 epimer, 125, is formed in this instance, whereas in 
the case of the isomerisation of 116 (Scheme 15) two C 1 epimeric benzopyrans 117 and 
118  were  produced.   This  may  arise  through  the epimerization of  the  pseudoaxial  C 1 
methyl,  under  the  influence  of  the  two  aromatic  methoxy  substituents,  to  give  the 
corresponding pseudoequatorial product 125.
57   
 
In light of the poor yields in the formation of the adducts 109 and 114, together with the 
necessity for the two additional steps created by having to separate starting material and the 
required  dioxolane  products  as  their  acetates,  the  Giles  group  decided  to  examine  an 
alternative  synthetic  route  to  the  enantiopure  2 benzopyrans.    An  intramolecular  route 
involving  asymmetric  induction  was  investigated
58  as  a  comparison  to  the  two 
intermolecular sequences described in Schemes 14 and 15. 
 
Asymmetric dihydroxylation formed the basis of this alternative investigation.  The theory 
of  this  proposed  route  was  established  by  the  2001  Nobel  prize  winner  in  organic 
chemistry, Professor K. Barry Sharpless.
59,60  The initial synthetic target was the conjugated    
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alkene 130, which was obtained over four steps from the inexpensive and commercially 
available 4 methoxyphenol 126.    
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The  conjugated  alkene  130  was  treated  with  AD mix α  plus  methanesulfonamide  as  a 
catalyst, in t butyl alcohol and water (1:1), to give the threo diol 131 in a yield of 89% and 
with an enantiomeric excess greater than 98%.
58   
 
OMe
TsO
130
OMe
TsO
(S)
(S)OH
131
OH
AD-mix-alpha
Scheme 19     
  39 
The epimeric (1R,2S) diol 134 was also required and involved changing the stereochemistry  
of  131 at the benzylic position from the S to the R configuration.  This was achieved over 
three  steps  starting  with  the  stereoselective  formation  of  the  acetoxy  bromo  ester  132. 
Conversion to the epoxide 133 and subsequent acid hydrolysis afforded the erythro diol 
134 in excellent yield. 
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Upon obtaining the diols 131 and 134 in enantiopure form, all that remained was their 
conversion  into  dioxolanes  116  and  111,  respectively.  This  was  achieved  almost 
quantitatively  using  1,1 dimethoxyethane  and  10 camphorsulfonic  acid,  as  depicted  in 
Scheme 21.  The further treatment of the enantiopure dioxolanes 116 and 111 with titanium 
tetrachloride  to  furnish  the  corresponding  2 benzopyrans  has  already  been  discussed 
(Schemes 14 and 15).  
 
Overall, the asymmetric dihydroxylation  method was longer, and  afforded a final  yield 
significantly less than the aforementioned method of intermolecular addition (28% versus 
11%).
58  These yields, however, were based on the amount of starting material consumed.  
Less than half the starting material reacted in the initial step of the intermolecular addition.    
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In order to be able to assemble significant quantities of the quinones A 10, A' 11 and  pm 
13 for their use as synthetic intermediates rather than synthetic objectives in themselves, it 
remains  to  establish  shorter,  more  convergent  routes  to  these  quinones.    This  thesis 
describes an investigation into several alternative synthetic routes to these. 
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2  Chapter 2 
2.1  Overview and Synthetic Strategy 
In view of the highly successful short, convergent, stereoselective syntheses of all three 
enantiopure 2 benzopyran 5,8 quinones 135, 136 and 120 corresponding to the naturally 
derived  quinone  A  10,  quinone  A'  11  and  quinone pm  13,  the  initial  approach  to  the 
syntheses of these aphid insect pigment derivatives considered using this methodology for 
the assembly of the C 7 halogenated (X = Cl or Br) derivatives 137, 138 and 139 since it is 
known
10,46 49  that  these  achieve  complete  regioselectivity  in  their  reaction  with 
unsymmetrically oxygenated dienes.   
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The retrosynthetic analysis for quinone A 10 is depicted in Scheme 22.   
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Quinone A 10 is known
10 to be accessible through the regioselective Diels Alder reaction 
between the quinone 137 and the diene 80.  Compound 137 could be obtained through 
oxidation of the benzopyran 140, which itself could be accessible via demethylation, using 
new methods, of compound 141.  Removal of the tosyl protecting group in 142, by base 
hydrolysis,  would  furnish  141,  while  isomerisation  using  titanium  tetrachloride  of  the 
dioxolane 143 should provide the benzopyran 142. 
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The  retrosynthetic  analysis  for  the  all  cis dioxolane  is  illustrated  in  Scheme  23.    The 
halogenated dioxolane 143 would be available via a reaction sequence starting from the 
readily available halogenated phenol 145.  The reaction sequence would initially involve 
allylation, followed by migration of the allyl group to provide the necessary functionality of 
the required intermediate 143.       
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Scheme 23  
 
The related  retrosynthesis for the C 2  epimeric mixture of dioxolanes 146 is shown in 
Scheme  24.    Divergent  routes  from  the  intermediate  144  would  therefore  provide  the 
isomeric dioxolanes 143 and 146. 
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The appropriate retrosynthesis for quinone pm 13 is shown in Scheme 25.    
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Since 151, the C 1 epimer of 147 (X = H), was also obtained as a minor product in the 
titanium  tetrachloride  induced  isomerisation  of  the  dioxolane  146  (X  =  H),  it  might 
reasonably be assumed that 152 would also be formed if the enantiomer of 146, ent 146, 
were similarly isomerized.  This would thus provide a route to quinone A' 11.   
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Quinone A' 11 could also be obtained using the 2 benzopyran 142. Treatment of 142 with 
phosphorus pentachloride and silver nitrate in aqueous acetonitrile
31 could provide 153.  
This in turn could be detosylated to afford 154, which would then be demethylated to give 
155, then oxidised to afford the quinone 152.  Further reaction with the diene 80 could yield 
quinone A' 11.
10 
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2.2  Choice of Protecting Group for Oxygen at C-4 of the Phenol 
As can be seen in the Schemes 22 to 26, methyl protection was chosen for the oxygen 
attached  to  C 4  of  the  benzene  ring.    Benzyl  protection  was  considered  initially  for  it 
fulfilled the criteria of being easily removable while the derived benzyloxy group would 
also  be  electron  donating.    Benzyl  protection  has  previously  been  successful  in  some 
isomerisations of phenyldioxolanes to 2 benzopyrans. 
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Thus, while the meta benzyoxy phenyldioxolane 156 isomerised smoothly to give the pair 
of  C 1  epimeric  benzopyrans  157  and  158,  Giles  and  Foreman
61  found  that  attempted 
isomerisation of dioxolane 159 afforded starting material together with deprotected starting 
material 160 and its C 2 epimer 161. 
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Furthermore,  Giles  and  Aggarwal
62  found  that  when  the  mixture  of    benzyl protected 
brominated  dioxolanes  162  was  treated  with  titanium  tetrachloride, no  benzopyran  was 
afforded.  Instead, the only material recovered was deprotected starting material 163 and 
decomposed baseline product.   
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With the previous difficulties experienced with benzyl protection, methyl protection was 
then considered.  Methyl protection, being less labile than benzyl in the presence of Lewis 
acids, has been shown (eg.  Section 1.6) to facilitate the isomerisation  of dioxolanes to 
benzopyrans by the use of titanium tetrachloride.  The methyl group remains unaffected by 
the titanium tetrachloride, thus making it a reasonable choice for protection of the oxygen 
atom attached to C 4 of the aromatic ring.  There was, however, one known drawback to 
using the methyl protection.  As detailed in Section 1.5 (Scheme 11),  the oxidation of 
compound 78 could not be achieved using either of the normal reagents used for oxidative 
dealkylation, namely argentic oxide or ceric ammonium nitrate.   
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The  demethylated  compound  93,  does  however,  undergo  oxidation  readily  with  ceric 
ammonium nitrate.
10  Thus, it would seem plausible that removal of the methyl group in 
compounds  141  and  148  would  provide  a  solution  to  the  aforementioned  oxidation 
problem. 
 
Upon searching the literature for particular reagents to facilitate the removal of the methyl 
group,  one  specific  case seemed  promising.   Donner  and  Gill
63  reported  on  the  use  of 
dibenzyl diselenide and sodium borohydride to cleave the phenolic methyl ether group in 
compound 164, giving compound 165.  Other attempts to cleave the aromatic methyl ether 
group in 164 using such reagents as hydrobromic acid in acetic acid, boron tribromide, 
aluminium  chloride  and  iodotrimethylsilane  were  unsuccessful.
63    It  was  of  paramount 
importance that the pyran moiety of our compounds should not be affected in any way by 
the possible reagents considered for cleaving the methyl protecting  group.  The use of 
dibenzyl diselenide and sodium borohydride by Donner and Gill fulfilled the objective of    
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cleaving  the  methyl  ether  group  without  influencing  the  rest  of  the  molecule  in  that 
instance.
63   
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The  demethylated  product  165  was  then  easily  oxidized  to  the  corresponding  quinone 
compound using ceric ammonium nitrate.  Dibenzyl diselenide would thus provide one 
possible option for attempting the cleavage of the methyl ether groups in 141 and 148, 
provided that the tosyl protection and/or increased steric crowding around the methoxy 
group did not present difficulties. 
 
2.3  Synthesis of 3-Bromo-4-methoxyphenol 168 and Subsequent 
Reactions 
The halogenated phenol chosen as initial starting material was 3 bromo 4 methoxyphenol, 
168.    The  halogen  atom  in  compound  137  would  direct  the  regioselective  Diels Alder 
addition with the diene 80.  Thus, it was reported in Section 1.5 that bromine has been 
previously  employed  to  direct  the  required  regioselectivity  in  the  Diels Alder  addition 
between quinone 79 and diene 80.      
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Compound 168 was obtained in three steps from 126 using the known literature method.
64  
With the brominated phenol 168 in hand, allylation of this compound was achieved using 
allyl  bromide  and  potassium  carbonate.    An  almost  quantitative  yield  of  the  allylated 
material 169 was obtained, with the 
1H NMR spectrum showing the crude product to be 
very pure.   
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The presence of the allyl group was confirmed by the 
1H NMR spectrum.  The methylene 
protons were observed as a two proton doublet of triplets at δ 4.61 and displayed coupling 
to the vicinal methine proton (J 5.3 Hz) as well as long range coupling to the pair of vinyl 
methylene protons (J 1.5 Hz).  The vinyl methylene protons were seen as two separate    
  51 
doublet of doublet of triplets at δ 5.24 (J 10.5, 1.5 and 1.5 Hz) and δ 5.36 (J 17.3, 1.5 and 
1.5 Hz).  A doublet of doublet of triplets at δ 5.98 (J 17.3, 10.5 and 5.3 Hz) represented the 
proton 2' H. 
 
Treatment of the allylated compound 169 with dimethylaluminium chloride afforded the 
required rearranged product 170 accompanied by its regioisomer 171 in yields of 74% and 
24% respectively. This reaction was attempted at both room temperature and at 0 ºC, with 
the  lower  reaction  temperature  affording  the  higher  yield.    The  successful  Claisen 
rearrangement to the appropriate product 170 was supported initially by the presence of 
only  two  aromatic  protons  resonating  as  singlets  at  δ  6.68  and  δ  7.03  indicating  their 
arrangement para  to each other.  An upfield shift was also observed for the 1' H methylene 
protons  from  δ  4.41  to  δ  3.36,  as  migration  from  oxygen  to  the  aromatic  carbon  had 
occurred.  Additionally, a singlet integrating for one proton could be seen at δ 5.05, which 
was attributed to the resultant hydroxyl group.   
 
The alternative Claisen rearrangement product 171 was identified primarily by its 
1H NMR 
spectrum.    Two  aromatic  protons  were  evident  as  a  pair  of  ortho coupled  doublets 
indicating that the allyl group had migrated to the carbon ortho  to the bromine atom.  The 
1' H methylene protons were observed to move upfield from δ 4.41 to δ 3.67, again as a 
result of migration from oxygen to carbon.  The existence of a hydroxyl group was also 
inferred from an extra singlet at δ 4.92 integrating for one proton.  Although the ortho 
Claisen rearrangement was not completely regioselective, the yield of 74% for the required 
regioisomer 170 was still very good and the two isomers were separated readily.      
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The rearranged material 170 would require protection of the free hydroxyl group in order to 
facilitate the subsequent reactions.  Tosyl protection seemed a logical choice in light of its 
previous  success  in  Schemes  14  and  15,  detailed  in  Section  1.6.    p Toluenesulfonyl 
chloride and potassium carbonate were added to 170 providing the tosylated product 172.  
Successful addition of the toluenesulfonyl group was substantiated by the appearance of a 
pair of multiplets at δ 7.36 and δ 7.75 corresponding  to the AA'BB' pattern of the aromatic 
protons of the toluenesulfonyl group.  An additional aromatic methyl group at δ 2.47 was 
also apparent.   
 
Bis(acetonitrile)dichloropalladium(ІІ) was used
57,65 67 as a catalyst to conjugate the double 
bond in the allyl chain of compound 172.  The reaction provided the (E) alkene 173 in 
excellent yield, with its structure supported by 
1H NMR spectroscopy.  The 1' H vinylic 
proton resonated as a doublet of quartets at δ 6.21 (J 15.8 and 1.6 Hz), while the 2' H 
vinylic proton could be seen at δ 6.02 as a doublet of quartets (J 15.8 and 6.5 Hz).  The 
trans configuration about the double bond was implied by the relatively large coupling of 
15.8 Hz between the vicinal protons 1' H and 2' H.  Further evidence of conjugation was    
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provided by a doublet of doublets at δ 1.70 (J 6.5 and 1.6 Hz) which corresponded to the 
new methyl group.  
 
Since  the  all  cis dioxolane  was  the  primary  target,  the  previous  highly  successful 
methodology
57,65,67  for  the  construction  of  related  all  cis dioxolanes  was  used  in  this 
instance.  Previously, m chloroperbenzoic acid had been used successfully to epoxidise a 
range of (E) alkenes, including compounds 174 and 175.
57,65 
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The (E) alkene 173 was therefore treated with m chloroperbenzoic acid in the presence of 
solid sodium hydrogencarbonate to afford the stereochemically pure trans epoxide 176 in a 
97%  yield.  The trans stereochemistry of epoxide 176 was confirmed by the relatively 
small coupling constant (J 2.1 Hz) between the epoxide ring protons.  Similar epoxides 
with the alternative cis stereochemistry are observed to have larger coupling constants (J ~5 
Hz) between the epoxide ring protons.
57,65  The 
13C NMR spectrum further supported the 
structure of 176 with a significant upfield shift of C 1 and C 2, resulting from the newly 
acquired oxygen being attached to both carbons.    
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The trans epoxide 176 was then ring opened with complete stereoselectivity using dilute 
aqueous sulfuric acid in dimethyl sulfoxide.  This afforded the erythro diol 177 in excellent 
yield.  The relative stereochemistry was determined using 
1H NMR spectroscopy.  Benzylic 
methine protons for erythro diols display chemical shifts which are typically downfield 
from those of the corresponding threo epimers.  Furthermore, the vicinal coupling constant 
between the benzylic proton and its neighbour are characteristically smaller (J 3 5 Hz) for 
the erythro compounds than for their threo epimers (J 5 9 Hz).
57,65 68  A one proton doublet 
was observed at δ 4.91 (J 4.2 Hz) corresponding to the 1' H proton, while the vicinal 2' H 
proton could be seen as a doublet of quartets at δ 4.12 (J 4.2 and 6.4 Hz).  This coupling 
constant of 4.2 Hz between the vicinal protons was consistent with the expected erythro 
stereochemistry.  Although the isomeric threo diol 179 was not available for comparison,    
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two factors together confirmed the erythro assignment.  First, only one diastereoisomer of 
the  diol  was  formed,  in  line  with  epoxide  ring openings.    Secondly,  the  fact  that  the 
subsequent  formation  of  dioxolane  178  occurred  as  a single  diastereoisomer  is  entirely 
consistent  with  all  the  dioxolanes  formed  from  related  erythro diols,  whereas  two  C  
epimeric dioxolanes are always formed from the epimeric threo diols.
57,65 67 
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This erythro diol 177 was treated with 1,1 dimethoxyethane and 10 camphorsulfonic acid 
to give the all cis dioxolane 178 in 94% yield.  Three heterocyclic methine protons were 
evident in the 
1H NMR spectrum as a doublet of quartets at δ 4.39 (J 7.1 and 6.3 Hz), a 
quartet at δ 5.10 (J 4.8 Hz) and a doublet at δ 5.15 (J 7.1 Hz) corresponding to the protons 
5' H, 2' H and 4' H respectively. 
 
The all cis dioxolane 178 was now available for the important step of isomerisation to the 
corresponding  benzopyran  compound  142  (X=Br).    Thus,  the  Lewis  acid  titanium 
tetrachloride was added to the dioxolane 178 in dichloromethane at  60 ºC.  After stirring at 
this temperature for one hour, the reaction was quenched with methanol.  Upon work up of 
the crude reaction mixture, it was evident from thin layer chromatography that there were 
three distinct compounds present.  Careful column chromatography enabled separation of    
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the mixture into individual components.  The first compound eluted from the column was 
the starting material 178, while the final component was the erythro diol 177.  The middle 
component proved to be an approximately 3:1 chromatographically inseparable mixture of 
isomers.  The 
1H NMR spectrum showed two aromatic singlets at δ 7.07 and δ 7.16 for the 
major isomer, as well as two aromatic singlets at δ 7.04 and δ 7.11 for the minor isomer.  
The presence of two aromatic proton signals for each isomer indicated that the compounds 
were not the required 2 benzopyrans, such as 142 (X=Br).  Clearly, any pentasubstituted 2 
benzopyran  formed  would  only  display  a  single  aromatic  proton  signal  for  each 
diastereoisomer. 
 
The complete 
1H NMR spectrum for the major and minor isomers is reported in detail in 
the experimental section.  Aside from the signals for the two pairs of aromatic singlets 
described above and the aromatic methoxy and the tosyl groups, there were the following 
one proton  resonances  for  each  of  the  isomers:  a  doublet  for  the  benzylic  proton,  a 
multiplet for the methine proton on the adjacent carbon carrying the methyl group and a 
broad singlet that could arise from the hydroxyl proton.  In addition there were two three 
proton  methoxy  signals  and  two  pairs  of  methyl  doublets  for  each  isomer.    This 
information, together with a high resolution mass spectrum of the mixture confirmed a 
molecular  formula  (C20H25BrO7)  in  which  methanol  had  been  added  to  the  molecular 
formula  of  the  starting  dioxolane  178  (C19H21BrO6).    The  work up  in  the  titanium 
tetrachloride isomerisation involves quenching the reaction with an excess of methanol.  
The appearance of two additional singlets at δ 3.19 and δ 3.38 supported this conclusion.     
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These observations led to the assignment of any two of the four structures 183 and 184 to 
the mixture of unknown isomers. 
 
A possible explanation for the formation of the products 183 or 184 is provided in Scheme 
33 below.  The Giles group has proposed
57 that, in the isomerisation of such aryldioxolanes 
to  2 benzopyrans,  the  titanium  salt  can  coordinate  to  either  of  the  dioxolane  oxygens 
leading to the cleavage of either the C(2) O(1) bond or the C(2) O(3) bond, to afford, in 
this case, the formal oxonium ion intermediates 181 or 182 respectively.  However, only 
182,  but  not  181,  can  undergo  ring  closure  of  the  favoured  6 enolendo endo trig  type 
through electrophilic aromatic substitution.
69 
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Oxonium intermediate 181 would then revert to the dioxolane 178 (together with, possibly, 
its  C 2  epimer).    Here,  the  transient  intermediate  ion  182  cannot  undergo  nucleophilic 
attack by the aromatic ring to give the required 2 benzopyran, very likely for steric rather 
than electronic reasons.  The reaction is completed through attack by the only nucleophile 
present, methanol, added to quench the reaction.  Here the methanol attacks at C 1'' either 
from  above  or  below  the  planar  oxonium  ion  181  or  182  to  provide  two  of  the  four 
diastereoisomers represented by the structures 183 and 184. 
 
Electronic factors would seem unlikely to prevent the reaction since the alternative ring 
closure  of  88  to  afford  90,  and  other  related  examples  occur  smoothly,  leading  to 
pentasubstituted products.
10,50 
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On the other hand, whereas the non brominated enantiopure aryldioxolane 111 isomerises
54 
cleanly to give 112 as the sole 2 benzopyran, the brominated (racemic) analogue 178 does 
not afford the corresponding pentasubstituted 2 benzopyran 185.  A reasonable explanation 
is that the additional bromine, being of considerable steric demand, introduces significant 
steric and buttressing constraints in intermediate 182 and this prevents ring closure.    
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The as yet unknown pair of isomers could, as a consequence of this theory, be any of the 
four isomers represented by the structures 183 and 184 in Scheme 33.  Since the unknown 
pair of isomers was only a minor component of the product mixture and there was therefore 
little  material  available,  they  were  treated  with  1,1 dimethoxyethane  and  10 
camphorsulfonic acid as a catalyst, whereupon the mixture was converted smoothly into 
dioxolane 178, the 
1H NMR spectrum being clean, as well as identical to authentic 178 
obtained previously from the erythro diol 177.  This confirmed the structural assignments 
for the two products as two of the four isomers 183 and 184. 
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It is premature to explain why only two of the four compounds 183 and 184 were isolated, 
rather than all four, if both oxonium ions 181 and 182 are formed.  The next question that 
arose was which two of the four were isolated.  The chemical shifts (δ 4.78 and δ 4.94) and 
the vicinal coupling constants (4.6 Hz) between 1 H and 2 H for each of the two isomers in 
the mixture 180 were diagnostic of a 1,2 anti arrangement of heteroatoms, i.e. they could 
be the pair of erythro epimers 184.
40,42,68 Indeed, the chemical shifts and coupling constants 
for the protons 1 H, 2 H and 1'' H in the pair of epimers 180 correspond very well with 
those  reported
40  for  closely  related  epimers  185,  186,  187  and  188,  but  this  was  not 
conclusive evidence for the structures 184 since related data for 183 were not available. 
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In light of the fact that the brominated dioxolane 178 did not isomerizes to the intended 2 
benzopyran, together with the time it would take to obtain more of the mixture 180 for 
further experiments, it was decided to investigate repeating the related reaction sequence 
leading to dioxolane 178, but exchanging the bromine atom for chlorine in view of the 
smaller  size of  chlorine, in  the  hope that  this  would  reduce  the steric crowding  in  the 
putative intermediate 182.        
 
2.4  Synthesis of 3-Chloro-4-methoxyphenol 192 and Subsequent 
Reactions 
The  substitution  of  the  bromine  atom  for  a  chlorine  atom  was  investigated  with  the 
intention of facilitating the important titanium tetrachloride isomerisation of dioxolane 143 
(Scheme  22).    Commercially  available  3 chloro 4 hydroxybenzaldehyde  189  was 
methylated  using  methyl  iodide  and  potassium  carbonate  to  give  190.    Baeyer Villiger 
oxidation  of  190  provided  the  formate  191,  which  was  hydrolysed  using  potassium 
hydroxide to give the required phenol 192 in excellent yield. 
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The  phenol  192  was  treated  with  allyl  bromide  and  potassium  carbonate  to  afford  the 
allylated product 193 in very good yield.  The 
1H NMR spectrum indicated the successful 
addition of the allyl group to the molecule.  The two methylene protons were evident as a 
doublet of triplets at δ 4.47, displaying coupling to the vicinal methine proton (J 5.3 Hz) as 
well as long range coupling to the pair of vinyl methylene protons (J 1.5 Hz).  Two separate 
doublet of doublet of triplets could be seen for the vinyl methylene protons at δ 5.28 (J 
10.5, 1.5 and 1.5 Hz) and δ 5.39 (J 17.3, 1.5 and 1.5 Hz).  The proton 2' H was represented 
by a doublet of doublet of triplets at δ 6.02 (J 17.3, 10.5 and 5.3 Hz)    
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Claisen  rearrangement  of  the  allylated  compound  193  was  achieved  using  dimethyl 
aluminium chloride to afford the desired product 194 together with its regioisomer 195 in 
yields  of  79%  and  16%  respectively.    The  structure  of  the  required  product  194  was 
supported by the 
1H NMR spectrum.  The number of aromatic proton signals decreased 
from three to two, resonating as two separate singlets at δ 6.70 and δ 6.87.  The 1' H 
methylene protons showed an upfield shift from δ 4.47 to δ 3.37 as they had migrated from 
the  oxygen  atom  to  the  carbon  of  the  aromatic  ring.    Furthermore,  a  broad  singlet    
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integrating for one proton appeared at δ 4.92, attributable to the newly formed phenolic 
hydroxyl group.  
 
The  alternative  Claisen  rearrangement  product  195  was  also  identified by  its 
1H  NMR 
spectrum.  The two aromatic protons resonated as a pair of ortho coupled doublets at δ 6.70 
and δ 6.72, indicating that the allyl group had migrated to the same side as the chlorine 
atom.  The 1' H methylene protons were observed to move upfield from δ 4.47 to δ 3.61, 
again as a result of migration away from the oxygen atom.  The resulting phenolic hydroxyl 
group was seen as a singlet resonating at δ 5.06, further supporting the assigned structure.  
Although not completely regioselective, the ortho Claisen rearrangement of 193 did afford 
the required product 194 in very good yield.   
 
Once again, as discussed previously in the bromine case, the free hydroxyl group would 
require tosyl protection to facilitate the subsequent reactions.  Compound 194 was treated 
with p toluenesulfonyl chloride and potassium carbonate to  yield the toslylated product 
196.  The appearance of a pair of multiplets at δ 7.35 and δ 7.75 corresponding to the 
AA'BB' pattern of the aromatic protons of the toluenesulfonyl group confirmed the addition 
of the protecting group.  The additional aromatic methyl group was also apparent at δ 2.47.  
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The double bond in the allyl chain of compound 196 was conjugated by a catalytic amount 
of  bis(acetonitrile)dichloropalladium(ІІ)  to  afford  the  (E) alkene  197  in  excellent  yield, 
with 
1H  NMR  spectroscopy  providing  the  evidence  to  support  its  structure.    The  1' H 
vinylic proton resonated as a doublet of quartets at δ 6.22 (J 15.8 and 1.4 Hz), while the 2' 
H vinylic proton could be seen at δ 6.00 as a doublet of quartets (J 15.8 and 6.5 Hz).  The 
relatively large coupling of 15.8 Hz between the vicinal protons 1' H and 2' H once again 
supported  the  trans  configuration  about  the  double  bond.    An  additional  doublet  of 
doublets, integrating for three protons, resonated at δ 1.72 (J 6.5 and 1.6 Hz).  This was 
attributed to the new methyl group resulting from conjugation of the double bond.  
 
Epoxidation of the (E) alkene 197 was the next reaction to consider.  Following the success 
of epoxidation using m chloroperbenzoic acid in the bromine case (section 3.3), the same 
reagents and reaction conditions were employed to convert 197 into the stereochemically 
pure trans epoxide 198 in a 97% yield.   
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The relatively small coupling (J 2.1 Hz) between the 1' H and 2' H epoxide ring protons 
confirmed the trans stereochemistry 198.  The alternative cis stereochemistry in epoxide 
compounds of a similar nature have been shown to exhibit larger coupling constants (J ~5 
Hz).
65  The 
13C NMR spectrum further supported the structure of 198 with a significant 
upfield shift of C 1 and C 2, resulting from the newly acquired oxygen being attached to 
both carbons.  
 
Stereoselective  ring opening  of  the  epoxide  198  was  the  next  objective  and  this  was 
achieved by using dilute sulfuric acid in dimethyl sulfoxide.  Work up and purification of 
the reaction afforded the erythro diol 199, with its relative stereochemistry determined by 
1H NMR spectroscopy.  The 1' H proton resonated as a doublet at δ 4.87 (J 4.4 Hz), while 
the vicinal 2' H proton could be seen as a doublet of quartets at δ 4.14 (J 4.4 and 6.4 Hz).     
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This was consistent with the previously mentioned point that vicinal coupling between the 
benzylic proton and its neighbour are characteristically smaller (J 3 5 Hz) for the erythro 
compounds than for their threo epimers (J 5 9 Hz).
42,66 68  Once again, this assertion is 
made without having the corresponding threo compound for direct comparison.  The same 
argument can be made, however, for the formation of the erythro stereochemistry in this 
case  as  were  made  on  pages  54  and  55  for  the  bromo  analogue.    Furthermore,  two 
additional broad one proton singlets appeared at δ 1.61 and δ 2.08 for the resultant hydroxyl 
groups.       
 
This erythro diol 199 was treated with 1,1 dimethoxyethane and 10 camphorsulfonic acid 
to give the all cis dioxolane 200 in close to quantitative yield.  The 
1H NMR spectrum 
displayed three heterocyclic methine protons consisting of a doublet of quartets at δ 4.38 (J 
7.1  and  6.3  Hz),  a  quartet  at  δ  5.10  (J  4.8  Hz)  and  a  doublet  at  δ  5.16  (J  7.1  Hz) 
corresponding to the protons 5' H, 2' H and 4' H respectively. The appearance of an extra 
methyl signal added further support to the formation of the dioxolane ring. This methyl 
resonated as a doublet at δ 1.52 (J 4.8 Hz). 
 
It remained to see if the all cis dioxolane 200 would isomerise to the corresponding 2 
benzopyran.  Thus, titanium tetrachloride was added to compound 200 in dichloromethane 
at   65  ºC.    Upon  work up  and  chromatography  of  the  crude  reaction  mixture,  starting 
material 200 was eluted from the column, followed by the erythro diol 199.  In contrast to 
the isomerisation of the bromo dioxolanes 178, no methanol adducts such as 201a or 201b 
were observed in this attempted isomerisation.    
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2.5  Conclusion 
The work in this chapter describes the short, direct syntheses of the halogenated dioxolane 
compounds 178 and 200 in high yields.  It has been shown that the isomerisation reaction 
worked well for non halogenated aryldioxolanes but not for the halogenated analogues.  
This lack of success in the halogenated cases may be due to steric crowding resulting from 
the bromine and chlorine atoms respectively, though electronic factors cannot be excluded.  
In addition, the isolation of 180 represented the first example of an intermediate species 
being trapped in the isomerisation of dioxolanes to 2 benzopyrans.    
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2.6  Experimental 
2.6.1  General procedures 
All  solvents  were  either  of  analytical  reagent  grade  or  purified  by  distillation  using 
appropriate  drying  agents.    The  amount  of  residual  water  present  in  solvents  was 
monitored,  where  necessary,  using  a  Metrohm  Karl  Fischer  Coulometer  684.    The 
hydrocarbon solvent referred to as hexane had a boiling point range of 65 70 °C. 
 
TLC  was  performed  using  Merck  silica  gel  60  F254  aluminium  backed  sheets,  and  the 
compounds separated were visualised under short wavelength (254 nm) ultraviolet light.  
 
Column  chromatography  was  performed  on  Merck  silica  gel  60  (70 230  mesh)  as  the 
stationary phase and pre adsorption was carried out on Merck silica gel 60 (35 70 mesh).  
Radial chromatography was carried out on Merck silica gel 60 PF254.  The phrase ‘residue 
obtained on work up’ refers to the residue obtained when an organic phase was separated, 
dried with magnesium sulfate and the solvent evaporated under reduced pressure, unless 
otherwise specified. The yields recorded are not optimised. 
 
Optical  rotations  were  recorded  on  an  Optical  Activity  PolAAr  2001  polarimeter  for 
chloroform solutions of c 1.0 at room temperature unless otherwise stated, and are given in 
10
 1 deg cm
2 g
 1. 
 
Unless otherwise stated, 
1H and 
13C NMR spectra were  measured at 300 and 75  MHz 
respectively, on a Bruker Avance DPX 300 spectrometer, for solutions in [
2H] chloroform    
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with TMS (
1H, 
13C, δ 0.00) and chloroform (
1H, δ 7.26; 
13C, δ 77.0) as internal references. 
The 
1H  signals  referred  to  as  AA′BB′  were  from  1,4 disubstituted  aromatic  rings  and 
appeared as multiplets. The signals in the 
13C NMR spectra were assigned with the aid of 
DEPT  and  assignments  of  signals  with  the  same  superscripts  are  interchangeable.    All 
coupling constants (J values) are given in Hz. 
 
Infrared spectra were recorded on a Nicolet 850 series III FTIR as thin films between KBr 
discs for oils and using a diffuse reflectance unit for solids. High resolution mass spectra 
were determined on a VG Autospec spectrometer operating in the electron impact mode at 
70 eV at the University of Western Australia.  High resolution NMR spectra were obtained 
from  the  University  of  Western  Australia,  and  elemental  analyses  from  Canadian 
Microanalytical Service Ltd., Canada. Where mass spectroscopic or microanalytical data 
are absent, the results of these are as yet unavailable. 
 
The naming of all compounds in the experimental follows the naming system provided by 
ChemDraw 10.0 Ultra software.  
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2.6.2  Methods and spectral data 
 
4-Methoxyphenyl acetate 166 
OMe
OAc
166
OMe
OH
126  
To a well stirred mixture of 4 methoxyphenol 126 (10.0 g, 81 mmol) and powdered sodium 
hydroxide  (3.87  g,  97  mmol)  in  dioxane  (80  mL)  under  nitrogen,  a  solution  of  acetyl 
chloride (7.65 g, 97 mmol) in dioxane (30 mL) was added dropwise over 30 minutes at 
room temperature.  After 3 h the solution was filtered and chromatographed (SiO2, 4:1, 
hexanes: EtOAc) to give 166 (12.10 g, 90 %).  The experimental data were in agreement 
with the literature values.
70 
   
3-Bromo-4-methoxyphenyl acetate 167 
OMe
OAc
166
OMe
OAc
167
Br
 
A solution of bromine (11.9 g, 74 mmol) in acetic acid (40 mL) was added dropwise to a 
stirred solution of 4 methoxyphenyl acetate 166 (11.2 g, 67 mmol) and sodium acetate (10    
  71 
g, 122 mmol) in acetic acid (70 mL) under nitrogen.  After stirring at room temperature for 
4 h the mixture was poured into water and the crude product was isolated by extraction with 
ethyl acetate (2 × 15 mL).  The extract was then washed with saturated sodium hydrogen 
carbonate solution (30 mL), dried and concentrated to yield 167 (14.6 g, 88%) as an orange 
oil.  The experimental data were in agreement with the literature values.
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3-Bromo-4-methoxyphenol 168 
OMe
OAc
167
Br
OMe
OH
168
Br
 
Potassium hydroxide (540 mg, 9.64 mmol) in water (30 mL) was added dropwise to a 
stirred solution of the acetate 167 (2.0 g, 8.16 mmol) in methanol (50 mL) under nitrogen.  
The solution was stirred at room temperature for 45 min, diluted with water and acidified 
with concentrated hydrochloric acid.  After extracting with dichloromethane (2 x 15 mL), 
the solution was dried and concentrated to give 168 (1.56 g, 94%) as a light orange oil. The 
experimental data were in agreement with the literature values.
71 
 
 
 
 
 
 
    
  72 
4-(Allyloxy)-2-bromo-1-methoxybenzene 169 
OMe
O
169
Br
OMe
OH
168
Br
 
Allyl bromide (3.08 g, 25.4 mmol) was added to the phenol 168 (3.45 g, 17.0 mmol) and 
potassium carbonate (3.52 g, 25.5 mmol) in acetone (70 mL) under nitrogen.  The reaction 
mixture  was  heated  under  reflux  for  5  h  then  filtered  and  concentrated  to  afford  the 
allylated product 169 as a yellow oil (4.04 g, 98%) (Found: M
+ (
81Br), 243.9930; M
+ (
79Br), 
241.9939. C10H11BrO2 requires M
+ (
81Br), 243.9922; M
+ (
79Br), 241.9942); υmax/cm
 1 1603 
and 1494 (C=C); δH 3.77 (3H, s, OCH3), 4.41 (2H, dt, J 5.3 and 1.3, 1' H), 5.24 (1H, dt, J 
10.5 and 1.5, 3' H), 5.36 (1H, dt, J 17.3 and 1.6, 3' H), 5.98 (1H, ddt, J 17.3, 10.5 and 5.3, 
2' H), 6.74 6.80 (2H, m, 5  and 6 H) and 7.12 (1H, dd, J 2.3 and 0.9, 3 H); δC 56.7 (OCH3), 
69.6 (C 1'), 111.8 (C 2), 112.8 (C 6), 114.6 (C 5), 117.7 (C 3'), 120.0 (C 3), 133.0 (C 2'), 
150.4 (C 4) and 152.9 (C 1); m/z 244 (M
+ (
81Br), 38%), 242 (M
+ (
81Br), 38%), 204 (12), 
203 (95), 202 (12), 201 (100), 163 (11) and 107 (66). 
 
2-Allyl-5-bromo-4-methoxyphenol 170 and 2-allyl-3-bromo-4-methoxyphenol 171 
OMe
OH
170
Br
OMe
OH
171
Br
+
OMe
O
169
Br
 
The allyl ether 169 (140 mg, 0.58 mmol) was dissolved in hexanes (10 mL) and the mixture 
stirred under nitrogen at room temperature for 3 h with dimethyl aluminium chloride (1.0    
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M in hexanes, 1.15 mL, 1.2 mmol).  Hydrochloric acid (2 M, 10 mL) was carefully added.  
The organic layer was separated, washed with saturated sodium chloride (10 mL), dried, 
concentrated and chromatographed (SiO2, 2:1, hexanes: EtOAc) to give two products both 
as yellow oils.  The product of higher Rf was identified as the required product 170 (100 
mg, 71 %) 
 (Found: M
+ (
81Br), 243.9938; M
+ (
79Br), 241.9932. C10H11BrO2 requires M
+ 
(
81Br), 243.9922; M
+ (
79Br), 241.9942); υmax/cm
 1 3468 (OH), 1602 and 1498 (C=C); δH 
3.36 (2H, d, J 6.3, 1' H), 3.83 (3H, s, OCH3), 5.05 (1H, s, OH), 5.11–5.19 (2H, m, 3' H), 
5.98 (1H, ddt, J 16.7, 10.5 and 6.3, 2' H), 6.68 (1H, s, 3 H) and 7.03 (1H, s, 6 H); δC 35.0 
(C 1'), 57.0 (OCH3), 109.4 (C 5), 114.3 (C 3), 116.8 (C 3'), 120.6 (C 6), 125.7 (C 2), 135.7 
(C 2'), 148.2 (C 4) and 150.2 (C 1); m/z 244 (M
+ (
81Br), 98%), 242 (M
+ (
81Br), 100%), 229 
(77), 227 (79), 148 (16), 147 (11), 120 (35) and 119 (10).  The product of lower Rf was 
identified as compound 171 (25 mg, 18%)  (Found: M
+, 241.9934. C10H11BrO2 requires 
M
+, 241.9942); υmax/cm
 1 3425 (OH), 1590 and 1487 (C=C); δH 3.67 (2H, dt, J 6.0 and 1.6, 
1' H), 3.84 (3H, s, OCH3), 4.92 (1H, s, OH), 5.06–5.15 (2H, m, 3' H), 5.96 (1H, ddt, J 16.6, 
10.7 and 6.0, 2' H), 6.72 (1H, d, J 8.8, 5 H)
a and 6.77 (1H, d, J 8.8, 6 H)
a; δC 34.4 (C 1'), 
56.8 (OCH3), 110.8 (C 5), 114.8 (C 6), 115.1 (C 3), 116.2 (C 3'), 127.3 (C 2), 134.4 (C 2'), 
148.5 (C 4) and 150.6 (C 1); m/z 244 (85), 243 (10), 242 (87), 229 (98), 228 (10), 227 
(100), 148 (43), 147 (22), 120 (16) and 119 (15). 
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2-Allyl-5-bromo-4-methoxyphenyl 4-methylbenzenesulfonate 172 
OMe
OTs
172
Br
OMe
OH
170
Br
 
p Toluenesulfonyl chloride (110 mg, 0.58 mmol) and potassium carbonate (80 mg, 0.58 
mmol) were added to the phenol 170 (70 mg, 0.29 mmol) in acetone (15 mL) at room 
temperature under nitrogen.  After 24 h, the reaction mixture was filtered and the solvent 
removed under vacuum.  The residue was dissolved in ethyl acetate (15 mL) and washed 
with  saturated  sodium  hydrogen  carbonate  solution  (30  mL).    The  organic  layer  was 
separated, dried, concentrated and chromatographed (SiO2, 4:1, hexanes: EtOAc) to afford 
the tosylated product 172 as a colourless oil (110 mg, 96 %)  (Found: M
+ (
81Br), 398.0007; 
M
+  (
79Br),  396.0040.  C17H17BrO4S  requires  M
+  (
81Br),  398.0010;  M
+  (
79Br),  396.0031); 
υmax/cm
 1 1595 and 1485 (C=C); δH 2.47 (3H, s, Ar CH3), 3.18 (2H, d, J 6.7, 1' H), 3.85 
(3H, s, OCH3), 4.98 5.10 (2H, m, 3' H), 5.73 (1H, ddt, J 16.9, 10.1 and 6.7, 2' H), 6.68 (1H, 
s, 3 H), 7.17 (1H, s, 6 H), 7.36 (2H, AA'BB', 3''  and 5'' H) and 7.75 (2H, AA'BB', 2''  and 
6'' H); δC 21.7 (Ar CH3), 34.0 (C 1'), 56.4 (OCH3), 108.7 (C 5), 112.7 (C 3), 117.2 (C 3'), 
127.1 (C 6), 128.4 (C 2'' and C 6''), 129.8 (C 3'' and C 5''), 132.5 (C 2), 134.0 (C 1''), 134.9 
(C 2'), 140.8 (C 4''), 145.6 (C 1) and 154.5 (C 4); m/z 398 (M
+ (
81Br), 15%), 396 (M
+ 
(
79Br), 15%), 243 (62), 241 (68), 163 (28), 162 (100), 161 (14), 147 (23), 134 (12) and 119 
(13).   
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(E)-5-Bromo-4-methoxy-2-(prop-1'-enyl)phenyl 4-methylbenzenesulfonate 173 
OMe
TsO
173
Br
OMe
OTs
172
Br
 
Bis(acetonitrile)dichloropalladium(II) (20 mg) was added to the compound 172 (1.54 g, 
3.88 mmol) in chloroform (50 mL) under nitrogen and heated under reflux for 8 h.  The 
solution was then cooled and filtered through diatomaceous earth to afford the conjugated 
alkene 173 (1.39 g, 90 %) as white crystals, mp 118–119 °C (MeOH) (Found: M
+ (
81Br), 
398.0009;  M
+  (
79Br),  396.0039.  C17H17BrO4S  requires  M
+  (
81Br),  398.0010;  M
+  (
79Br), 
396.0031); υmax/cm
 1 1594 and 1485 (C=C); δH 1.70 (3H, dd, J 6.5 and 1.6, 2' CH3), 2.45 
(3H, s, Ar CH3), 3.87 (3H, s, OCH3), 6.02 (1H, dq, J 15.8 and 6.5, 2' H), 6.21 (1H, dq, J 
15.8 and 1.6, 1' H), 6.84 (1H, s, 3 H), 7.26 (1H, s, 6 H), 7.31 (2H, AA'BB', 3''  and 5'' H) 
and 7.69 (2H, AA'BB', 2''  and 6'' H); δC 18.6 (3' CH3), 21.7 (Ar CH3), 56.4 (OCH3), 108.1 
(C 3), 109.5 (C 5), 122.1 (C 2), 123.7 (C 6), 124.0 (C 5), 127.8 (C 1'), 128.6 (C 2'' and C 
6'')
a, 128.8 (C 2')
a, 131.8 (C 3'' and C 5''), 132.3 (C 1'), 139.7 (C 4''), 145.5 (C 1) and 154.6 
(C 4); m/z 398 (M
+ (
81Br), 7%), 396 (M
+ (
79Br), 7%), 243 (13), 241 (14), 163 (12), 162 
(100) and 147 (12).  
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rel-(2'R,3'R)-5-Bromo-4-methoxy-2-(3'-methyloxiran-2'-yl)phenyl 4-
methylbenzenesulfonate 176 
OMe
TsO
176
Br
O
OMe
TsO
173
Br
 
A solution of m chloroperbenzoic acid (260 mg, 1.50 mmol) in chloroform (20 mL) was 
added dropwise to the alkene 173 (500 mg, 1.26 mmol) and sodium hydrogen carbonate 
(105 mg, 1.25 mmol) in chloroform (40 mL) under nitrogen at 0 °C.  The reaction mixture 
was  stirred  for  a  further 16 h  at  room  temperature, filtered  and washed  with  saturated 
sodium  hydrogen  carbonate  solution  (30  mL).    The  chloroform  layer  was  dried  and 
concentrated to give the epoxide 176 as a yellow oil (505 mg, 97 %)  (Found: M
+ (
81Br), 
413.9963;  M
+  (
79Br),  411.9979.  C17H17BrO5S  requires  M
+  (
81Br),  413.9960;  M
+  (
79Br), 
411.9980); υmax/cm
 1 1596 and 1485 (C=C); δH 1.41 (3H, d, J 5.1, 2' CH3), 2.48 (3H, s, Ar 
CH3), 2.82 (1H, dq, J 5.1 and 2.1, 2' H), 3.69 (1H, d, J 2.1, 1' H), 3.85 (3H, s, OCH3), 6.70 
(1H, s, 3 H), 7.02 (1H, s, 6 H), 7.38 (2H, AA'BB', 3''  and 5'' H) and 7.75 (2H, AA'BB', 2''  
and 6'' H); δC 17.7 (3' CH3), 21.7 (Ar CH3), 54.8 (C 2'), 56.5 (OCH3), 59.5 (C 1'), 107.8 
(C 3), 110.0 (C 5), 127.0 (C 6), 128.5 (C 2'' and C 6''), 130.0 (C 3'' and C 5''), 132.2 (C 
2)
a, 132.8 (C 1'')
a, 140.8 (C 4''), 145.9 (C 1) and 155.1 (C 4); m/z 414 (M
+ (
81Br), 15%), 
412 (M
+ (
79Br), 14%), 259 (99), 257 (100), 231 (33), 229 (34), 217 (27), 215 (32), 162 (23), 
156 (35) and 139 (44). 
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rel-(1'S,2'R)-5-Bromo-2-(1',2'-dihydroxypropyl)-4-methoxyphenyl 4-
methylbenzenesulfonate 177 
OMe
TsO
177
Br
OH
OH
OMe
TsO
176
Br
O
 
The  epoxide  176  (400  mg,  0.97  mmol)  in  4:1  dimethyl  sulfoxide–water  (40  mL)  was 
treated with an aqueous solution of 0.2 M sulfuric acid (10 mL) and the mixture heated 
under reflux for 2 h under nitrogen.  After cooling, the mixture was poured into saturated 
sodium  chloride  solution  (30  mL)  and  extracted with  ethyl  acetate (5  ×  20 mL).    The 
combined  organic  extracts  were  dried,  concentrated  and  chromatographed  (SiO2,  2:1, 
hexanes: EtOAc) to afford the diol 177 as a clear, colourless oil (390 mg, 93 %)  (Found: 
M
+, 430.0074; C17H19BrO6S requires M
+, 430.0086); υmax/cm
 1 3500 (OH), 1596 and 1482 
(C=C); δH 1.00 (3H, d, J 6.4, 2' CH3), 2.48 (3H, s, Ar CH3), 3.88 (3H, s, OCH3), 4.12 (1H, 
dq, J 4.2 and 6.4, 2' H), 4.91 (1H, d, J 4.2, 1' H), 7.00 (1H, s, 3 H), 7.20 (1H, s, 6 H), 7.38 
(2H, AA'BB', 3''  and 5'' H) and 7.76 (2H, AA'BB', 2''  and 6'' H); δC 16.8 (2' CH3), 21.6 
(Ar CH3), 56.4 (OCH3), 69.5 (C 2'), 71.1 (C 1'), 110.0 (C 5), 110.9 (C 3), 126.4 (C 6), 
128.4 (C 2'' and C 6''), 130.0 (C 3'' and C 5''), 132.0 (C 2), 134.9 (C 1''), 139.8 (C 4''), 
146.0 (C 1) and 154.7 (C 4); m/z 233 (18), 232 (12), 231 (22), 230 (11), 158 (34), 157 (11), 
156 (100), 155 (32), 141 (29), 139 (82), 124 (11), 113 (14) and 111 (42). 
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rel-(2'R,4'S,5'R)-5-Bromo-2-(2',5'-dimethyl-1',3'-dioxolan-4'-yl)-4-methoxyphenyl 4-
methylbenzenesulfonate 178 
OMe
TsO
178
Br
O
O
OMe
TsO
177
Br
OH
OH
 
1,1 Dimethoxyethane (1 mL) and 10 camphorsulfonic acid (50 mg, 0.22 mmol) were added 
to the diol 177 (260 mg, 0.60 mmol) in dichloromethane (30 mL) under nitrogen.  After 
stirring at room temperature for 1 h, the reaction was quenched with saturated aqueous 
sodium carbonate solution (3 mL) and poured into water (20 mL).  The organic layer was 
separated, dried, concentrated and chromatographed (SiO2, 3:1, hexanes: EtOAc) to yield 
the  dioxolane  178  as  a  light  yellow  oil  (265  mg,  96  %)  (Found:  M
+,  456.0240. 
C19H21BrO6S requires M
+, 456.0242); υmax/cm
 1 1596 and 1482 (C=C); δH 0.85 (3H, d, J 
6.3, 5' CH3), 1.52 (3H, d, J 4.8, 2' CH3), 2.48 (3H, s, Ar CH3), 3.90 (3H, s, OCH3), 4.39 
(1H, dq, J 7.1 and 6.3, 5' H), 5.10 (1H, q, J 4.8, 2' H), 5.15 (1H, d, J 7.1, 4' H), 7.02 (1H, s, 
3 H), 7.11 (1H, s, 6 H), 7.38 (2H, AA'BB', 3''  and 5'' H) and 7.77 (2H, AA'BB', 2''  and 6'' 
H); δC 16.2 (5' CH3), 19.7 (2' CH3), 21.7 (Ar CH3), 56.4 (OCH3), 75.1 (C 5'), 75.5 (C 4'), 
100.6 (C 2'), 110.2 (C 5), 111.0 (C 3), 126.5 (C 6), 128.3 (C 2'' and C 6''), 130.0 (C 3'' and 
C 5''), 132.2 (C 2), 132.6 (C 1''), 139.9 (C 4''), 146.0 (C 1) and 154.5 (C 4); m/z 456 (M
+, 
2%), 260 (12), 259 (98), 258 (13), 257 (100), 231 (11), 229 (11) and 213 (11). 
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rel-(1'S,2'R)-5-Bromo-2-( 2'-hydroxy-1'-(1'-methoxyethoxy)propyl)-4-methoxyphenyl 
4-methylbenzenesulfonate 183 or rel-(1'S,2'R)-5-bromo-2-(1'-hydroxy-2'-(1'-
methoxyethoxy)propyl)-4-methoxyphenyl 4-methylbenzenesulfonate 184 
 
To the dioxolane 178 (200 mg, 0.44 mmol) in dichloromethane (20 mL) at  78 ºC was 
added titanium tetrachloride (165 mg, 0.87 mmol) under nitrogen.  After stirring at  78 ºC 
for 1 h the mixture was quenched with methanol (1 mL) and saturated sodium hydrogen 
carbonate (3 mL) was added.  The resultant mixture was poured into water (20 mL), the 
organic layer separated and the aqueous layer extracted with dichloromethane (3 x 15 mL).  
The  organic  layer  was  dried,  concentrated  and  chromatographed  (SiO2,  4:1,  hexanes: 
EtOAc) to afford three separate compounds.  The product of highest Rf was identified as 
starting material 178 (120 mg, 60%).  The next compound was an inseparable (3:1) mixture 
of  distereoisomers  of  either  183  or  184,  eluted  as  a  clear  oil  (25  mg,  12%)    (Found: 
υmax/cm
 1 3283 (OH), 1597 and 1481 (C=C); δH (major diastereoisomer) 1.07 (3H, d, J 6.5), 
1.30 (3H, d, J 5.2), 2.49 (3H, s), 3.19 (3H, s), 3.89 (3H, s), 4.00–4.02 (1H, m), 4.56 (1H, q, 
J 5.2), 4.78 (1H, d, J 4.6), 7.07 (1H, s), 7.16 (1H, s), 7.40 (2H, AA'BB') and 7.84 (2H, 
AA'BB'); δH (minor diastereoisomer) 1.05 (3H, d, J 6.5), 1.25 (3H, d, J 5.2), 1.71 (1H, br s, 
OH), 2.49 (3H, s), 3.38 (3H, s), 3.89 (3H, s), 4.01 (1H, m), 4.45 (1H, q, J 5.2), 4.94 (1H, d, 
J 4.6), 7.04 (1H, s), 7.11 (1H, s), 7.40 (2H, AA'BB') and 7.84 (2H, AA'BB'); δC (major 
diastereoisomer) 18.0, 20.2, 21.1, 54.8, 56.6, 70.0, 75.4, 102.2, 110.6, 111.5, 126.4, 128.5,    
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130.1, 132.5, 133.9, 140.3, 146.0 and 154.6; δC (minor diastereoisomer) 17.9, 20.0, 21.8, 
53.0, 56.6, 69.7, 75.4, 100.4, 110.4, 111.3, 126.6, 128.5, 130.1, 132.5, 133.4, 140.6, 146.0 
and 154.7.  
 
3-Chloro-4-methoxybenzaldehyde 190 
OH
Cl
CHO
189
OMe
Cl
CHO
190  
The benzaldehyde 189 (1.40 g, 8.97 mmol) was treated with methyl iodide (2.55 g, 17.9 
mmol) and potassium carbonate (2.48 g, 17.9 mmol) in acetone (70 mL) under nitrogen.  
The reaction mixture was heated under reflux for 5 h, then allowed to cool and filtered.  
The residue upon concentration was chromatographed (SiO2, 3:1, hexanes: EtOAc) to give 
190 as a colourless oil (1.35 g, 88%).  The experimental data were in agreement with the 
literature values.
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3-Chloro-4-methoxyphenol 192 
OMe
Cl
OH
192
OMe
Cl
CHO
190  
The benzaldehyde 190 (1.10  g, 6.43  mmol) and m chloroperbenzoic acid (2.23  g, 12.9 
mmol) were heated under reflux in dry dichloromethane (60 mL) for 8 h.  The reaction    
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mixture was then washed with saturated sodium hydrogen carbonate (2 x 30 mL), dried and 
concentrated.  The crude formate was dissolved in methanol (30 mL), treated with aqueous 
10% potassium hydroxide (30 mL) and stirred under nitrogen for 1 h at room temperature.  
The solvent was removed in vacuo and the remaining solution dissolved in water (30 mL) 
and acidified using 2 M hydrochloric acid.  The aqueous phase was then extracted with 
diethyl ether (4 x 20 mL), which was separated, dried and concentrated to give the phenol 
192 as a colourless oil (910 mg, 90%).  The experimental data were in agreement with the 
literature values.
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4-(Allyloxy)-2-chloro-1-methoxybenzene 193 
OMe
O
193
Cl
OMe
Cl
OH
192  
Allyl bromide (840 mg, 6.94 mmol) was added to the phenol 192 (750 mg, 4.75 mmol) and 
potassium carbonate (1.0 g, 7.2 mmol) in acetone (40 mL) under nitrogen.  The reaction 
mixture was heated under reflux for 6 h, filtered and concentrated to afford the allylated 
product 193 as a clear, colourless oil (740 mg, 78%)  (Found: M
+, 198.0449; C10H11ClO2 
requires M
+, 198.0448 ); υmax/cm
 1 1606 and 1497 (C=C); δH 3.84 (3H, s, OCH3), 4.47 (2H, 
dt, J 5.3 and 1.5 Hz, 1
' H), 5.28 (1H, ddt, J 10.5, 1.5 and 1.5 Hz, 3' H), 5.39 (1H, ddt, J 
17.3, 1.5 and 1.5, 3' H), 6.02 (1H, ddt, J 17.3, 10.5 and 5.3, 2' H), 6.78 (1H, dd, J 9.0 and 
2.9, 5 H), 6.85 (1H, d, J 9.0, 6 H) and 6.98 (1H, d, J 2.9, 3 H); δC 56.7 (OCH3), 69.6 (C 1'),    
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113.1 (C 3), 113.9 (C 5), 117.2 (C 6), 117.8 (C 3'), 122.9 (C 2), 133.1 (C 2'), 149.6 (C 1) 
and 152.8 (C 4); m/z 198 (M
+, 32%), 159 (33), 158 (100) and 107 (45). 
 
2-Allyl-5-chloro-4-methoxyphenol 194 and 2-allyl-3-chloro-4-methoxyphenol 195  
OMe
OH
194
Cl
OMe
OH
195
Cl
+
OMe
O
193
Cl
 
The allyl ether 193 (670 mg, 3.37 mmol) was dissolved in hexanes (40 mL) and the mixture 
stirred under nitrogen at room temperature for 4 h with dimethyl aluminium chloride (1.0 
M in hexanes, 6.73 mL, 6.73 mmol).  Hydrochloric acid (10 mL, 2 M) was then carefully 
added.  The organic layer was separated, washed with saturated sodium chloride (30 mL), 
dried, concentrated and chromatographed (SiO2, 3:1, hexanes: EtOAc) to give two products 
both as yellow oils.  The product of higher Rf was identified as the required product 194 
(530 mg, 79%)  (Found: M
+, 198.0449; C10H11ClO2 requires M, 198.0448); υmax/cm
 1 3436 
(OH), 1607 and 1503 (C=C); δH 3.37 (2H, dt, J 6.3 and 1.5, 1' H), 3.84 (3H, s, OCH3), 4.92 
(1H, br s, OH), 5.11–5.19 (2H, m, 3' H), 5.98 (1H, ddt, J 16.7, 10.4 and 6.3, 2' H), 6.70 
(1H, s, 3 H) and 6.87 (1H, s, 6 H); δC 34.9 (C 1'), 56.9 (OCH3), 114.7 (C 3), 116.9 (C 3'), 
117.9 (C 6), 120.8 (C 5), 124.9 (C 2), 135.8 (C 2'), 148.0 (C 4) and 149.3 (C 1); m/z 198 
(M
+, 88%), 185 (33), 183 (100), 141 (10) and 119 (11).  The product of lower Rf was 
identified as compound 195 (110 mg, 16 %) 
 (Found: M
+, 198.0449; C10H11ClO2 requires 
M, 198.0448 ); υmax/cm
 1 3388 (OH), 1590 and 1488 (C=C); δH 3.61 (2H, dt, J 6.0 and 1.6 
Hz, 1' H), 3.83 (3H, s, OCH3), 5.06 (1H, s, OH), 5.06–5.15 (2H, m, 3' H), 5.96 (1H, ddt, J    
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17.8, 9.6 and 6.0 Hz, 2' H), 6.67–6.75 (2H, m, 5  and 6 H); δC 31.8 (C 1'), 56.8 (OCH3), 
111.0 (C 5), 114.0 (C 6), 116.1 (C 3'), 123.5 (C 3), 125.1 (C 2), 134.5 (C 2'), 148.0 (C 4) 
and 149.7 (C 1); m/z 198 (M
+, 61%), 185 (33), 184 (14), 183 (100), 155 (13) and 119 (11). 
 
2-Allyl-5-chloro-4-methoxyphenyl 4-methylbenzenesulfonate 196 
OMe
OH
194
Cl
OMe
OTs
196
Cl
 
p Toluenesulfonyl chloride (720 mg, 3.77 mmol) and potassium carbonate (520 mg, 3.77 
mmol) were added to compound 194 (500 mg, 2.51 mmol) in acetone (50 mL) at room 
temperature under nitrogen.  After 24 h, the reaction mixture was filtered and the solvent 
removed under vacuum.  The residue was dissolved in ethyl acetate (50 mL) and washed 
with  saturated  sodium  hydrogen  carbonate  solution  (30  mL).    The  organic  layer  was 
separated, dried, concentrated and chromatographed (SiO2, 4:1, hexanes: EtOAc) to afford 
the tosylated product 196 as a clear colourless oil (790 mg, 89%)  (Found: M
+, 352.0534; 
C17H17ClO4S requires M, 352.0536); υmax/cm
 1 1597 and 1490 (C=C); δH 2.47 (3H, s, Ar 
CH3), 3.20 (2H, d, J 6.7, 1' H), 3.85 (3H, s, OCH3), 4.98–5.10 (2H, m, 3' H), 5.73 (1H, ddt, 
J 16.9, 10.1 and 6.7, 2' H), 6.70 (1H, s, 3 H), 7.02 (1H, s, 6 H), 7.35 (2H, AA'BB', 3''  and 
5'' H) and 7.75 (2H, AA'BB', 2''  and 6'' H); δC 21.7 (Ar CH3), 34.0 (C 1'), 56.4 (OCH3), 
113.0 (C 3), 117.2 (C 3'), 120.3 (C 5), 124.2 (C 6), 128.5 (C 2'' and C 6''), 129.9 (C 3'' and 
C 5''), 132.7 (C 2), 133.3 (C 1''), 135.0 (C 2'), 140.6 (C 4''), 145.7 (C 4) and 153.7 (C 1);    
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m/z 352 (M
+, 17%), 199 (32), 198 (13), 197 (100), 169 (16), 162 (59), 161 (22), 147 (12) 
and 119 (11). 
 
(E)-5-Chloro-4-methoxy-2-(prop-1-enyl)phenyl 4-methylbenzenesulfonate 197 
OMe
TsO
197
Cl
OMe
OTs
196
Cl
 
Bis(acetonitrile)dichloropalladium(II) (20 mg) was added to the compound 196 (720 mg, 
2.04 mmol) in chloroform (50 mL) under nitrogen and heated under reflux for 6 h.  The 
solution was then cooled and filtered through diatomaceous earth to afford the conjugated 
alkene 197 (630 mg, 88 %) as light brown crystals, mp 105–106 °C (MeOH)  (Found: M
+, 
352.0542; C17H17ClO4S requires M, 352.0536 ); υmax/cm
 1 1596 and 1490 (C=C); δH 1.72 
(3H, dd, J 6.5 and 1.6, 2' CH3), 2.45 (3H, s, Ar CH3), 3.88 (3H, s, OCH3), 6.00 (1H, dq, J 
15.8 and 6.5, 2' H), 6.22 (1H, dq, J 15.8 and 1.4, 1' H), 6.87 (1H, s, 3 H), 7.11 (1H, s, 6 H), 
7.31 (2H, AA'BB', 3''  and 5'' H) and 7.70 (2H, AA'BB', 2''  and 6'' H); δC 18.6 (3' CH3), 
21.9 (Ar CH3), 56.3 (OCH3), 108.5 (C 3), 121.0 (C 2), 123.7 (C 5), 124.9 (C 1'), 128.6 (C 
2'' and C 6'')
a, 128.8 (C 2'')
a, 129.7 (C 3'' and C 5''), 131.2 (C 6), 132.4 (C 1''), 139.4 (C 
4''), 145.5 (C 4) and 153.7 (C 1); m/z 352 (M
+, 12%), 322 (57), 197 (100), 162 (59), 149 
(36) and 119 (40). 
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rel-(2'S,3'S)-5-Chloro-4-methoxy-2-(3'-methyloxiran-2'-yl)phenyl 4-
methylbenzenesulfonate 198 
OMe
TsO
198
Cl
O
OMe
TsO
197
Cl
 
A solution of m chloroperbenzoic acid (290 mg, 1.68 mmol) in chloroform (30 mL) was 
added dropwise to the alkene 197 (495 mg, 1.40 mmol) and sodium hydrogen carbonate 
(120 mg, 1.43 mmol) in chloroform (40 mL) under nitrogen at 0 °C.  The reaction mixture 
was stirred for a further 14 h at room temperature, then filtered and washed with saturated 
sodium  hydrogen  carbonate  solution  (30  mL).  The  chloroform  layer  was  dried  and 
concentrated to give the epoxide 198 as a yellow oil (500 mg, 97%)  (Found: M
+, 368.0491; 
C17H17ClO5S requires M, 368.0485); υmax/cm
 1 1598 and 1488 (C=C); δH 1.41 (3H, d, J 5.1, 
2' CH3), 2.48 (3H, s, Ar CH3), 2.82 (1H, dq, J 5.1 and 2.1, 2' H), 3.70 (1H, d, J 2.1, 1' H), 
3.86 (3H, s, OCH3), 6.73 (1H, s, 3 H), 6.88 (1H, s, 6 H), 7.37 (2H, AA'BB', 3''  and 5'' H) 
and 7.75 (2H, AA'BB', 2''  and 6'' H); δC 17.7 (3' CH3), 21.8 (Ar CH3), 54.8 (C 2'), 56.5 
(OCH3), 59.5 (C 1'), 108.1 (C 3), 121.5 (C 5), 124.1 (C 6), 128.5 (C 2'' and C 6''), 130.0 
(C 2), 132.1 (C 3'' and C 5''), 132.4 (C 1''), 140.6 (C 4''), 145.9 (C 1) and 154.3 (C 4); m/z 
352 (M
+, 10%), 213 (28), 197 (56), 185 (26), 173 (29), 171 (100), 169 (29) and 162 (35). 
 
 
    
  86 
rel-(1'R,2'S)-5-Chloro-2-(1',2'-dihydroxypropyl)-4-methoxyphenyl 4-
methylbenzenesulfonate 199 
OMe
TsO
199
Cl
OH
OH
OMe
TsO
198
Cl
O
 
The epoxide 198 (440 mg, 1.19 mmol) in 4:1 dimethyl sulfoxide–water (40 mL) under 
nitrogen was treated with an aqueous solution of 0.2 M sulfuric  acid (10 mL) and the 
mixture heated under reflux for 3 h.  After cooling, the mixture was poured into saturated 
sodium  chloride  solution  (25  mL)  and  extracted with  ethyl  acetate (5  ×  20 mL).    The 
combined  organic  extracts  were  dried,  concentrated  and  chromatographed  (SiO2,  2:1, 
hexanes: EtOAc) to afford the diol 199 as a yellow oil (390 mg, 85%) (υmax/cm
 1 3541 
(OH), 1597 and 1487 (C=C); δH 1.04 (3H, d, J 6.4, 2' CH3), 1.61 (1H, br s, OH), 2.08 (1H, 
br s, OH), 2.49 (3H, s, Ar CH3), 3.91 (3H, s, OCH3), 4.14 (1H, dq, J 4.4 and 6.4, 2' H), 
4.87 (1H, d, J 4.4, 1' H), 6.87 (1H, s, 3 H), 7.23 (1H, s, 6 H), 7.39 (2H, AA'BB', 3''  and 5'' 
H) and 7.78 (2H, AA'BB', 2''  and 6'' H); δC 17.4 (2' CH3), 21.8 (Ar CH3), 56.5 (OCH3), 
69.7 (C 2'), 71.0 (C 1'), 111.2 (C 3), 121.8 (C 5), 123.7 (C 6), 128.5 (C 2'' and C 6''), 130.1 
(C 3'' and C 5''), 132.2 (C 2), 134.1 (C 1''), 139.8 (C 4''), 146.1 (C 1) and 154.0 (C 4); 
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rel-(2'S,4'R,5'S)-5-Chloro-2-(2',5'-dimethyl-1',3'-dioxolan-4'-yl)-4-methoxyphenyl 4-
methylbenzenesulfonate 200 
OMe
TsO
200
Cl
O
O
OMe
TsO
199
Cl
OH
OH
 
1,1 Dimethoxyethane (1 mL) and 10 camphorsulfonic acid (50 mg, 0.22 mmol) were added 
to the diol 199 (200 mg, 0.52 mmol) in dichloromethane (30 mL) under nitrogen.  After 
stirring at room temperature for 2 h, the reaction was quenched with saturated aqueous 
sodium carbonate solution (20 mL) and poured into water (20 mL).  The organic layer was 
separated, dried, concentrated and chromatographed (SiO2, 3:1, hexanes: EtOAc) to yield 
the dioxolane 200 as a yellow oil (185 mg, 87%) (Found: M
+(
37Cl), 414.0720, M
+(
35Cl), 
412.0740, C19H21ClO6S requires M
 (
37Cl), 414.0718; M (
35Cl), 412.0747); υmax/cm
 1 1598 
and 1487 (C=C); δH 0.85 (3H, d, J 6.3, 5' CH3), 1.52 (3H, d, J 4.8, 2' CH3), 2.47 (3H, s, Ar 
CH3), 3.90 (3H, s, OCH3), 4.38 (1H, dq, J 7.1 and 6.3, 5' H), 5.10 (1H, q, J 4.8, 2' H), 5.16 
(1H, d, J 7.1, 4' H), 6.98 (1H, s, 5 H), 7.05 (1H, s, 2 H), 7.38 (2H, AA'BB', 3''  and 5'' H) 
and 7.77 (2H, AA'BB', 2''  and 6'' H); δC 16.2 (5' CH3), 19.8 (2' CH3), 21.7 (Ar CH3), 56.3 
(OCH3), 75.1 (C 5'), 75.6 (C 4'), 100.6 (C 2'), 111.4 (C 3), 121.9 (C 5), 123.8 (C 6), 128.3 
(C 2'' and C 6''), 130.1 (C 3'' and C 5''), 131.7 (C 2), 132.6 (C 1''), 139.7 (C 4''), 146.0 (C 
1) and 153.7 (C 4); m/z 412 (M
+, 2%), 215 (35), 214 (14), 213 (100), 185 (18) and 171 
(12).  
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3  Chapter 3 
3.1  Overview and Synthetic Strategy 
The  Diels Alder  cycloaddition  of  a  benzoquinone  with  a  substituted  butadiene  is  a 
commonly used method for the synthesis of naphthoquinones.
63,74  As discussed in Section 
1.5 the Diels Alder reaction between the diene 80 and brominated 2 benzopyranquinone 79 
afforded quinone A 10 in 30% yield, while the comparable reaction between diene 80 and 
the  brominated  quinone  98  provided  quinone  A'  11  in  a  20%  yield  (see  Scheme  12).  
Furthermore, quinone pm 13 was similarly derived in a yield of only 23%.
10  In the only 
published method
10 for the syntheses of these naturally derived naphthopyranquinones 10, 
11 and 13 described in Chapter 1 (Section 1.5, Scheme 12) these Diels Alder reactions gave 
the only poor  yields  in otherwise  high  yielding  reaction  sequences.    It  was  decided  to 
examine several variations of this method in an attempt to improve the overall yield in the 
syntheses  of  the  targets  quinones  A  10,  quinone  A'  11  and  quinone pm  13.    Such 
improvements are intended so that significant quantities of quinone A 10, quinone A' 11 
and quinone pm 13 can be assembled for their use as synthetic intermediates, rather than as 
an end in themselves. 
 
Regioselective Diels Alder reactions involving simple brominated benzoquinones such as 
2 bromo 6 methyl 1,4 benzoquinone and the diene 80 give very acceptable yields (~70%) 
of  the  product  naphthoquinones.    One  possible  reason  for  the  low  yields  (~20–30%) 
discussed above for the formation of 10, 11 and 13 is that the 4 hydroxy group complicates 
the  required  reaction.    Furthermore,  complete  regioselectivity  has  also  been  observed    
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without the necessity for bromination of the quinone, as described in Chapter 1, Section 
1.2, in Kraus’ assembly
27 of racemic kalafungin 32. 
 
Initially, therefore, the free hydroxyl group on the pyran ring would be protected and the 
derived non brominated quinone subsequently added to the diene 80.  Scheme 41 shows 
retrosynthetically how, for example, quinone A 10 could be obtained using these ideas. 
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Scheme 41  
 
The diene 80 has been reported in the literature and has been used extensively in Diels 
Alder  cycloadditions.
75    1 Methoxy 1,3 bis(trimethylsilyloxy)buta 1,3 diene  80  can  be 
synthesized in two steps from methyl acetoacetate 205. 
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Furthermore,  quinone  A'  11  and  quinone pm  13  could  also  be  obtained  as  shown 
retrosynthetically in Scheme 43. 
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In addition to the aforementioned synthetic strategies, regioselective bromination could be 
investigated and the retrosynthetic analysis is shown in Scheme 44.  Direct regioselective 
bromination of quinone 210 might afford the brominated  product 79, which would, in turn, 
add regioselectively to the diene 80 (as discussed in section 1.5 and shown in Scheme 12) 
providing quinone A 10. 
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It was hoped that regioselectivity in the direct bromination of quinone 210 may be achieved 
to give 79 owing to the possibility of some hydrogen bonding between the C 4 hydroxy and 
the C 5 carbonyl groups causing electronic discrimination between the two free quinonoid 
positions,  so  that  preferential  dehydrobromination  might  occur  from  the  intermediate 
dibrominated  product  of  addition  of  bromine  to  quinone  210.    Such  hydrogen bonded 
polarisation  of  the  quinonoid  carbons  of  juglone  (5 hydroxy 1,4 naphthoquinone)  is 
known.
76  Furthermore, regioselective bromination is known to be controlled in juglones 
and reversed in their methyl ethers.
77 79 
 
Scheme 45 depicts the potential retrosynthetic analysis of both quinone A' 11 and quinone 
pm 13 in a similar manner. 
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3.2  Synthesis of 1-Methoxy-1,3-bis(trimethylsiloxy)buta-1,3-diene 
80 
The use of diene 80 in Diels Alder cycloadditions has previously been discussed in section 
1.5.  The first step of the synthesis of the diene 80 involved treating methyl acetoacetate 
205 with zinc(II) chloride, triethylamine and chlorotrimethylsilane to form the silyl enol 
ether 204 (Scheme 46).  This procedure has, however, been found to give variable results.
74  
In  the  current  work  a  modified  procedure  was  established  and  this  is  described  in  the 
experimental section.   
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Conversion of the ester 204 into the diene 80 occurred in the excellent yield of 95%.
74 
. 
O
TMSO
OMe
204
OTMS
TMSO
OMe
80
LDA
TMSCl
Scheme 47  
 
3.3  Syntheses of the 2-Benzopyrans 117, 118 and 212   
The syntheses of the enantiopure 2 benzopyrans 112, 117 and 118 have previously been 
discussed in section 1.6 (Schemes 14 and 15).  It can be seen that 112 and 118 possesses 
stereochemistries about the pyran ring which are enantiomeric to those of quinone A 10 and 
quinone A' 11.  Substitution of the ethoxyethyl protected (S) lactaldehyde 108 with the 
corresponding (R) lactaldehyde 104 (Scheme 14) would afford the 2 benzopyrans 212 and 
213 with the same absolute stereochemistries for quinones A 10 and A' 11.  Treatment of 
the  2 benzopyran  212  with  phosphorus  pentachloride  and  silver  nitrate
31  in  aqueous    
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acetonitrile might also provide 213, which possesses the same absolute stereochemistry as 
quinone A' 11.     
   
O
OH
OMe
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For the purpose of this chapter it was decided to initially use racemic material as a model 
for our investigations.  The racemic compounds had the advantage of being easier to make 
in large quantities and would save on the use of valuable enantiopure reagents.  Thus, the 2 
benzopyrans 117, 118 and 212 were the initial synthetic targets.  While the syntheses of 
these compounds have been reported briefly elsewhere,
58 the following method and details 
are sufficiently different to warrant discussion here. 
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The  starting  material  chosen  was  the  commercially  available  4 methoxyphenol  126.  
Potassium carbonate and allyl bromide were added to the phenol 126 affording the allylated    
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material 127 in an excellent yield of 94%, without the need for purification prior to the next 
step. 
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The addition of the allyl group was confirmed by the 
1H NMR spectrum in which the 
methylene protons appeared as a two proton doublet of triplets at δ 4.48, coupled to the 
vinyl proton 2' H (J 5.3 Hz) as well as long range coupled to the pair of vinyl protons 3' H 
(J 1.5 Hz).  The terminal vinyl protons 3' H each appeared as a doublet of quartets.  The 
signal at δ 5.29 (J 10.5 and 1.5 Hz) was assigned to the proton 3' H cis to the proton 2' H 
on account of the smaller coupling constant (J 10.5 Hz).  The resonance at δ 5.40 (J 17.2 
and 1.5 Hz) was assigned to the 3' H proton trans to the proton 2' H in view of the larger 
vicinal olefinic coupling constant (J 17.2 Hz).   
 
Treatment  of  the  allyl  compound 127  with  dimethylaluminium  chloride  affected ortho 
Claisen  rearrangement  and  provided  the  phenol  128  in  a  yield  of  97%.    The  use  of 
dimethylaluminium chloride provided a more successful alternative to the previous method 
of heating to 180 ºC in dimethylformamide.   The rearrangement was confirmed by 
1H 
NMR spectroscopy.  A multiplet resonating at δ 6.70 indicated a reduction in the number of    
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aromatic protons from four to three, resulting from the migration of the allyl group.  The 
methylene  protons  displayed  a  strong  upfield  shift  from  δ  4.48  to  δ  3.36  as  they  had 
migrated from the oxygen atom to the carbon of the aromatic ring.  A similar upfield shift 
was observed in the 
13C NMR spectrum for the methylene protons from δ 69.5 to δ 35.2.  A 
phenolic hydroxyl stretch (3405 cm
 1) was also evident in the infrared spectrum, further 
indicating that the rearrangement had occurred. 
 
The  ortho allyl  phenol  128  required  protection  of  the  free  phenolic  hydroxyl  group.  
Potassium carbonate and p toluenesulfonyl chloride were added to 128, affording the allyl 
tosylate 129 in an 84% yield after chromatography. 
 
OMe
OH
128
OMe
TsO
129
OMe
TsO
130
TsCl
K2CO3
PdCl2(MeCN)2
Scheme 49 .  
 
The alkene 130 was produced as the single (E) geometric isomer by a  general method 
reported previously by Giles and co workers.
80  This procedure involved the addition of 
bis(acetonitrile)dichloropalladium(ІІ)  in  catalytic  quantities  to  a  solution  of  the  allyl 
tosylate 129 in chloroform.  Chromatography and recrystallisation of the product afforded 
the  trans alkene  130  in  a  yield  of  75%.    Recrystallisation  ensured  the  stereochemical 
homogeneity of the alkene through removal of any traces of the (Z) alkene and starting    
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material.    In  the  1H  NMR spectrum the  1' H  vinylic proton  resonated  as a  doublet  of 
quartets at δ 6.21 (J 15.8 and 1.7 Hz), while the 2' H vinylic proton could be seen at δ 5.97 
as a doublet of quartets (J 15.8 and 6.6 Hz).  The trans configuration about the double bond 
was implied by the relatively large coupling of 15.8 Hz between the vicinal protons 1' H 
and 2' H.  Further evidence of conjugation was provided by a doublet of doublets at δ 1.69 
(J 6.6 and 1.7 Hz) which corresponded to the new methyl group.  
 
With the (E) alkene 130 in hand, two separate synthetic pathways would have to be taken 
in order to obtain the required stereochemistry of the 2 benzopyrans 117, 118 and 212.  
Initially the 2 benzopyran 212 was pursued.  It was first necessary to convert the (E) alkene 
130 into the corresponding epoxide 133, which was achieved in a yield of 97% by the 
addition of m chloroperbenzoic acid and sodium hydrogen carbonate. 
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The trans stereochemistry of epoxide 133 was confirmed by the relatively small coupling 
constant (J 2.0 Hz) between the epoxide ring protons.  As mentioned in Chapter 3, similar 
epoxide compounds with the alternative cis stereochemistry are observed to have larger 
coupling constants (J ~5 Hz) between the epoxide ring protons.
65  Significant upfield shifts    
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of the  epoxide ring  carbons  C 1 and C 2  were  observed  in  the 
13C NMR  spectrum  on 
account of the newly acquired oxygen being attached to both carbons.  
 
Dilute aqueous sulfuric acid in dimethyl sulfoxide was then employed to stereoselectively 
ring open the trans epoxide 133.  This afforded the erythro diol 134 in an excellent yield of 
92%, with the relative stereochemistry being supported by the 
1H NMR spectrum.  A one 
proton doublet was observed at δ 4.88 (J 4.4 Hz) corresponding to the 1' H proton, while 
the vicinal 2' H proton could be seen as a doublet of quartets at δ 4.10 (J 4.4 and 6.4 Hz).  
This coupling constant of 4.2 Hz between the vicinal protons and the chemical shift of the 
benzylic proton (δ 4.88) were consistent with the expected erythro stereochemistry.
42,57,66 68          
The  subsequent  treatment  of  the  erythro diol  134  with  1,1 dimethoxyethane  and  10 
camphorsulfonic  acid  afforded  the  all cis  dioxolane  111  in  a  yield  of  89%.    Three 
heterocyclic methine protons were evident in the 
1H NMR spectrum consisting of a doublet 
of quartets at δ 4.39 (J 7.1 and 6.3 Hz), a quartet at δ 5.09 (J 4.8 Hz) and a doublet at δ 5.15 
(J 7.1 Hz) corresponding to the protons 5' H, 2' H and 4' H respectively.  An additional 
doublet resonating at δ 1.51 (J 4.8 Hz) appeared on account of the extra methyl on the 
dioxolane ring, providing further support for the successful cyclisation of the diol 134 to 
afford 111. 
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It remained to attempt the isomerisation of the all cis dioxolane 111 to the corresponding 2 
benzopyran 212, and so compound 111 was treated with titanium tetrachloride at  60 ºC.  
Upon work up and chromatography of the reaction mixture, the required 2 benzopyran 212 
was isolated, along with recovered starting material 111 and the erythro diol 134.  Based on 
the consumed starting material and the recovered diol, the yield for 212 was 80%.   
 
The stereochemical assignment for 212 was established by examination of its 
1H NMR 
spectrum.  The vicinal heterocyclic ring protons 3 H and 4 H were coupled to each other by 
a relatively large coupling constant (J 5.4 Hz), confirming that 3 H and 4 H are axial and 
pseudoaxial respectively.  With the stereochemistry assigned to 3 H and 4 H, it followed 
that the C 3 methyl group is equatorial and the C 4 hydroxyl group is pseudoequatorial.
21,81  
The  chemical  shift  for  3 H  (δ  4.05)  in  particular  supported  the  assignment  of  the  C 1 
methyl configuration as pseudoaxial since the chemical shift of the proton 3 H is usually in 
the range δ 3.5 to δ 3.9 for cis 1,3 dimethyl 2 benzopyrans and in the range δ 3.9 to δ 4.3 
for  the  corresponding  trans 1,3 dimethyl  isomers.
66,81,82    The  absence  of  homoallylic 
coupling between 1 H and 4 H added further support to this stereochemical assignment.
65  
The  appearance  of  such  homoallylic  coupling  might  have  been  expected  had  the  C 1    
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methyl substituent been pseudoequatorial, with, therefore, 1 H pseudoaxial.
66  Thus, the 
methyl substituents in 212 were observed as being trans to each other. 
 
Upon obtaining one of the target 2 benzopyrans, namely 212, it remained to attempt the 
synthesis of the other targets 117 and 118.  To achieve this it was necessary to convert the 
(E) alkene 130 into the alternative threo diol 131. 
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Thus, the (E) alkene 130 was treated with N methylmorpholine N oxide and a catalytic 
amount of osmium tetroxide
83,84 which afforded the threo diol 131 in 94% yield.   
 
1H NMR spectroscopy was once again employed to deduce the relative stereochemistry of 
the diol.  The chemical shifts of benzylic protons for threo diols are typically upfield from 
those of the corresponding erythro epimers, as previously mentioned.
42,66,68  The benzylic 
methine proton 1 H for the diol 131 was observed at δ 4.64 (J 7.2 Hz), upfield from the 
corresponding proton for diol 134 at δ 4.88 (J 4.4 Hz).  The larger coupling constant (J 7.2 
Hz)  between  the  benzylic  proton  and  its  neighbour  is  typical  of  threo diols,  further 
validating the assigned stereochemistry of both diols.  
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Using the same procedure as for the conversion of the erythro diol 134 into the all cis 
dioxolane 111, the threo diol 131 was converted into an inseparable C 2 epimeric mixture 
of dioxolanes 116.  The reaction proceeded in an excellent yield of 85%, with the 
1H NMR 
revealing the individual diastereoisomers 214 and 215 to be in an approximate ratio of 3:1 
respectively. 
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Individual assignments for each of these dioxolanes were made through a comparison of 
the chemical shifts and coupling constants obtained from the 
1H NMR spectra of several 
other dioxolane compounds listed in Table 1. 
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Of  these  particular  compounds,  the  mixture  of  216  and  217  was  separable  by 
chromatography,  with  the  individual  stereochemical  assignments  supported  by  NOE 
difference spectroscopy.
65    
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Table 1: Comparison of chemical shifts and coupling constants of various dioxolane compounds.  
Compound  5'-CH3  2'-CH3  5'-H  4'-H  2'-H 
δ  1.37  1.42  3.83  4.82  5.34 
124a 
J  6.1  4.8  7.3 & 6.1  7.3  4.8 
             
δ  1.37  1.50  4.01  4.97  5.29 
124b 
J  6.1  4.8  5.9 & 6.1  5.9  4.8 
             
δ  1.37  1.39  3.81  4.45  5.3 
214 
J  6.2  4.9  7.3 & 6.2  7.3  4.9 
             
δ  1.34  1.46  3.96  4.66  5.25 
215 
J  6.3  4.8  4.5 & 6.3  4.5  4.8 
             
δ  1.49  1.46  3.91  4.97  5.49 
216 
J  6.1  4.7  7.4 & 6.1  7.4  4.7 
             
δ  1.43  1.54  4.03  5.02  5.42 
217 
J  6.5  4.8  5.4 & 6.5  5.4  4.8 
             
δ  1.32  1.44  3.85  4.88  5.47 
268 
J  6.1  4.8  7.7 & 6.1  7.7  4.8 
             
δ  1.35  1.54  4.12  5.08  5.32 
269 
J  6.4  4.8  5.7 & 6.4  5.7  4.8 
             
δ  1.29  1.42  3.82  4.80  5.44 
291 
J  6.1  4.8  7.7 & 6.1  7.7  4.8 
             
δ  1.31  1.53  4.09  5.00  5.28 
292 
J  6.4  4.8  5.7 & 6.4  5.7  4.8 
             
 
 
For dioxolane 214 the 
1H NMR spectrum displayed three heterocyclic methine protons 
consisting of a doublet of quartets at δ 3.81 (J 7.3 and 6.2 Hz), a doublet at δ 4.45 (J 7.3 
Hz) and a quartet at δ 5.30 (J 4.9 Hz) corresponding to the protons 5' H, 4' H and 2' H    
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respectively.    The  diastereoisomer  215  also  showed  three  heterocyclic  methine  protons 
consisting of a doublet of quartets at δ 3.96 (J 4.5 and 6.3 Hz), a doublet at δ 4.66 (J 4.5 
Hz) and a quartet at δ 5.25 (J 4.8 Hz) corresponding to the protons 5' H, 4' H and 2' H 
respectively.  
 
It can be seen through a comparison of these values with others in Table 1 that the chemical 
shifts and coupling constants are largely consistent for each respective diastereoisomer.  
 
Titanium tetrachloride was again employed to facilitate the isomerisation of the mixture of 
dioxolanes 116.  Chromatography of the reaction mixture provided four separable products.  
Recovered starting material 116 was eluted first, followed by the target 2 benzopyran 117.  
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The structure of the 2 benzopyran 117 was validated by the 
1H NMR spectrum.  First, the 
3 H proton resonated as a doublet of quartets at δ 3.48 (J 0.8 and 6.5 Hz), indicating that 
the C 1 and C 3 methyl substituents were cis to each other.  This chemical shift of δ 3.48 is 
in the range typical for cis 1,3 dimethyl 2 benzopyrans.
21,66,82  The 
1H NMR spectrum also 
displayed a doublet of doublets at δ 4.32 (J 0.8 and 7.0 Hz) and a quartet at δ 4.91 (J 6.3 
Hz) corresponding to the protons 4 H and 1 H respectively.  The small vicinal coupling    
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constant (J 0.8 Hz) between 3 H and 4 H indicated axial and pseudoequatorial orientations 
respectively, thereby confirming that the C 3 methyl and C 4 hydroxy substituents were 
equatorial and pseudoaxial respectively.
21,81   
 
Further clarification of the relative stereochemistry was made by comparison with the 
1H 
NMR spectrum of the 2 benzopyran 212.  The vicinal coupling constant of 5.4 Hz between 
the 3 H and the 4 H protons for trans 3,4 disubstituted 2 benzopyran 212 was significantly 
larger  than  the  corresponding  3,4 cis  compound  117  coupling  constant  of  0.8  Hz.  
Additionally, no homoallylic coupling between the 1 H and the 4 H protons was observed.  
This is consistent with the pseudoaxial configuration of the C 4 hydroxyl group.
85,86 
 
The next compound to be eluted was the 2 benzopyran 118.  The 3 H proton could be seen 
as a doublet of doublets at δ 3.89 (J 1.6 and 6.5 Hz).  This provided support for the relative 
trans configuration between the methyl substituents at C 1 and C 3 since the chemical shift 
was distinctly downfield from the corresponding 3 H signal (δ 3.48) in 117. 
 
Finally, the threo diol 131 was eluted from the column.  Based upon the consumption of 
starting material 116 and recovery of the diol 131, the yields for the 2 benzopyrans 117 and 
118 were 59% and 34% respectively.  
 
With the targeted 2 benzopyrans 117, 118 and 212 in hand, it remained to oxidize these 
compounds  to  the  corresponding  quinones  120,  121  and  210  respectively,  in  order  to    
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investigate the protection of the hydroxyl group by various means, as well as attempt direct 
regioselective bromination of these compounds.  
  
3.4  Syntheses of Quinones 120, 121 and 210 
In order to oxidize the 2 benzopyrans 117, 118 and 212 to their respective quinones, the 
toluensulfonyl protection in each 2 benzopyran had to be removed.  To this end, potassium 
hydroxide was added to 117 in methanol and heated under reflux.  Upon working up the 
reaction  the  diol  75  was  afforded  in  a  95%  yield. 
1H  NMR  spectroscopy  showed  the 
product to be pure, so chromatography of the reaction mixture was not required.   
Successful removal of the toluenesulfonyl group was indicated by the disappearance of the 
multiplets  in  the  aromatic  region  corresponding  to  the  AA'BB'  pattern  of  the  aromatic 
protons of the toluenesulfonyl group.  Further support was given by the absence of the 
aromatic methyl group at about δ 2.50.   
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Similarly, potassium hydroxide was added to 212 in methanol and heated under reflux, 
providing the diol 218 a 97%  yield.   Again, successful removal of the toluenesulfonyl 
group  was  indicated  by  the  disappearance  of  the  multiplets  in  the  aromatic  region    
  106 
corresponding to the AA'BB' pattern of the aromatic protons of the toluenesulfonyl group 
as well as the aromatic methyl group. 
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Compound 118 was also converted smoothly and in the high yield of 96% into the diol 119, 
as shown in Scheme 55. 
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Ceric ammonium nitrate was initially employed in an attempt to oxidize the diols 75, 119 
and 218 to the quinones 120, 121 and 210 respectively.  The diol 218 was treated with ceric 
ammonium nitrate providing the quinone 210 in 69% yield.  The diol 75 similarly afforded 
the quinone 120 in a 74% yield, while the diol 119 gave the quinone 121 in 70% yield, after    
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treatment with the same reagent.  It was found, however, that the alternative oxidizing 
agent silver(II) oxide facilitated the oxidation of these diols more successfully.   
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Thus, the diol 218 in dioxane was treated with silver(II) oxide and the reaction initiated by 
the addition of 6M nitric acid.  Upon chromatographing the reaction mixture, the quinone 
210 was provided in an improved yield of 87%.  The 
1H NMR spectrum was identical to 
that already reported using an alternative method by the Giles group.
10   
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The diols 75 and 119 were reacted in exactly the same manner as for 218 affording the 
quinones 120 and 121 in the excellent yields of 90% and 87% respectively.  The structures 
of 120 and 121 were confirmed by the 
1H NMR spectrum which matched the spectral data 
reported previously by Giles and colleagues.
10 
 
The three benzopyranquinones 120, 121 and 210 were thus obtained in racemic form and 
available for further investigation. 
 
3.5  Protection of the Quinones 120, 121 and 210 as their Acetates  
As described briefly in section 1.2 (Scheme 6), Kraus
27 reported on a regioselective Diels 
Alder reaction which proceeded with complete regiocontrol and in excellent yield.  In this 
case the reaction between quinone 44 and 1 trimethylsilyloxy 1,3 butadiene proceeds to 
give 32 in a yield of 69%.  
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In comparison, the Diels Alder reaction between quinone 79 and diene 80 provides quinone 
A 10 in a 30% yield, while quinone 98 and diene 80 combine to give quinone A' 11 in a 
yield of 20%.  One difference in the case reported by Kraus is the absence of a hydroxyl    
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group attached to C 4 of the pyran ring moiety.  The significantly lower yields in the Diels 
Alder reactions to give quinone A 10 and quinone A' 11 may be related to this hydroxyl 
group. 
 
It was decided to protect the hydroxyl groups in 120, 121 and 210 in order to investigate 
their  influence,  if  any,  on  the  corresponding  Diels Alder  reaction  with  diene  80.    The 
lactone  ring  in  quinone  44  bears  a  marked  resemblance  to  an  acetate  group,  with  the 
primary difference being that the terminal acetate carbon is attached to C 3 of the pyran 
ring.  Based upon the similarity between the structures of quinone 44 and the acetate 219, in 
particular, and of its epimers in general, the decision was made to attempt protecting the 
quinones 120, 121 and 210 as their acetates.  
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The quinone 210 was treated with pyridine and acetic anhydride.  Upon working up the 
reaction only decomposed baseline material was obtained.  The reaction conditions were 
modified  in  another  attempt  to  protect  the  quinone  210  but  again  only  decomposition 
products were recovered. 
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Despite  the  lack of  success  in  protecting  quinone 210  as  its acetate,  it  was  decided  to 
attempt the protection again, this time using quinone 120.  Acetic anhydride and pyridine 
were added to quinone 120 and after chromatography of the reaction mixture the acetate 
220 was obtained in a yield of 31%.  
1H NMR spectroscopy was employed in assigning the 
structure of 220.  Successful protection as the acetate was implied by the appearance of an 
additional  singlet  at  δ  2.11  corresponding  to the  methyl of  the  acetate  group.    Further 
support was provided by the fact that the signal for the proton 4 H moved downfield from δ 
4.37 to δ 5.82. 
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The remaining quinone 121 was subsequently treated similarly with acetic anhydride and 
pyridine, affording the acetate 221 in a yield of 37%.  Once again, 
1H NMR spectroscopy 
supported the assigned structure with the appearance of the new methyl group at δ 2.08.  A 
significant downfield shift was also observed for the 4 H proton from δ 4.36 to δ 5.80.    
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In light of the lack of success in protecting quinone 210 as its acetate, as well as the low 
yields of acetates 220 and 221, the decision was made to investigate alternative options for 
the protecton of the quinones 120, 121 and 210.  The prospective reactions involved in 
protecting  these  quinones  would  need  to  be  much  higher  yielding  in  order  provide  an 
improvement in the overall yields of our synthetic targets, quinone A 10, quinone A' 11 and 
quinone pm 13. 
 
3.6  Protection  of  the  Quinones  120,  121  and  210  as  their 
Methoxymethyl Ethers 
Consideration was subsequently given to protecting the quinones 120, 121 and 210 as their 
methoxymethyl  ethers.    The  protecting  group  in  this  particular  case  should  be  easily 
removable, after the Diels Alder addition with diene 80, by the addition of a dilute acid.  
Thus,  dimethoxymethane  and  phosphorus  pentoxide  were  added  to  the  quinone  210  in 
chloroform to afford the methoxymethyl ether protected quinone 222 in an excellent yield 
of 83%. 
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The structure of the quinone 222 was supported by the 
1H NMR spectrum.  Successful 
protection was indicated by an AB quartet resonating at δ 4.74 and δ 4.94 arising from the 
diastereotopic  methylene  protons.    The  structure  was  further  substantiated  by  a  singlet 
integrating for three protons at δ 3.40, resulting from the newly attached methoxy group. 
 
In  exactly  the  same  manner  as  for  210,  the  quinone  120  was  treated  with 
dimethoxymethane and phosphorus pentoxide.  Chromatography of the reaction mixture 
provided the methoxymethyl ether protected quinone 223 in a very good yield of 80%.  
Again, 
1H NMR spectroscopy was used to confirm the structure of this product.  An AB 
quartet was observed at δ 4.71 and δ 4.92 on account of the methylene protons on the 
protecting group, while an additional singlet could be seen at δ 3.35 owing to the methoxy 
substituent.      
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Similar  treatment  of  quinone  121  with  dimethoxymethane  and  phosphorus  pentoxide 
afforded the protected quinone 224 in a yield of 81%.  
1H NMR spectroscopy provided 
support for the structure of 224, with an additional methoxy substituent resonating as a 
singlet at δ 3.36. 
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Leading  on  from  the  successful  protection  of  the  quinones  210,  120  and  121  as  their 
methoxymethyl ethers, 222, 223 and 224 respectively, it remained to examine whether this 
particular protection would facilitate the Diels Alder addition of each  compound to the 
diene  80.    With  this,  compound  222  was  added  to  a  solution  of  the  diene  80  in 
tetrahydrofuran.  After the subsequent working up of the reaction no discrete products were    
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able  to  be  identified.    This  proved  to  be  the  case  even  upon  modifying  the  reaction 
conditions several times. 
 
The Diels Alder addition was also attempted using the methoxymethyl ether 223 with diene 
80.  Again, no discrete products were identified from the reaction mixture.  This lack of 
success led to a shift in focus towards the regioselective bromination of the quinones 120, 
121 and 210. 
 
3.7  Bromination of the Quinone 210  
As discussed in Section 1.5, it has been shown that the brominated quinones 79 and 98 
undergo  successful  Diels Alder  addition  with  the  diene  80  to  give  quinone  A  10  and 
quinone A' 11 respectively (Scheme 12).  It was thus decided to attempt the regioselective 
bromination of quinones 120, 121 and 210 at the C 7 position.  Differentiation of the two 
protons H 6 and H 7 may arise from any hydrogen bonding between the hydroxyl group 
attached to C 4 of the pyran moiety and the oxygen attached to C 5.  Such differentiation 
between the protons 6 H and 7 H could possibly facilitate preferential bromination at the 
C 7 position.  Such polarization has been observed for juglone 225.
76,78  
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Indeed,  the  regioselectivity  of  the  bromination  of  juglone  and  other  5 hydroxy 1,4 
naphthoquinones is reversed on methylation of the substrates.  Cameron and colleagues had 
previously reported on the regioselective bromination of various 1,4 naphthoquinones.
77  
For example, the methyl ether of juglone 227 was treated with bromine in acetic acid at 
room  temperature  affording  the  2 bromo  derivative  228  in  a  yield  of  71%.    Thus, 
monobromination of juglone 225 and its methyl ether 227 affords the regioisomeric bromo 
derivatives 226 and 228 respectively. 
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In light of the work undertaken by Cameron and colleagues, it was decided to employ the 
same reagents and experimental conditions for the bromination of quinone 210.  Thus, a 
solution of bromine in acetic acid was added to the quinone 210 in acetic acid affording an 
approximately 50:50 mixture of the inseparable brominated quinones 79 and 229 in an 
overall yield of 86%.   
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The 
1H NMR spectrum revealed only one signal in the quinonoid region resonating as a 
singlet at δ 7.27.  The methyl substituent attached to C 3 of the pyran moiety was evident as 
two discrete doublets at δ 1.37 (J 6.2 Hz) and δ 1.38 (J 6.2 Hz), while the methyl at C 1 
appeared as two separate doublets at δ 1.52 (J 6.8 Hz) and δ 1.54 (J 6.8 Hz).  The doubling 
up of each of these signals suggested the existence of two regioisomers.  The remaining 
signals for the protons 1 H, 3 H and 4 H were individually observed as multiplets at 300 
MHz, although the combination of the 1 H signals at δ 4.78 showed the expected long 
range  coupling  constants  between  the  pseudoaxial  4 H  and  the  pseudoequatorial  1 H 
protons of 1.4 Hz with complementary fine structure on components of the 4 H signal at δ 
4.36.  Comparison of the 
1H NMR spectrum of this mixture with that of the brominated 
quinone  79
10  confirmed  one  of  the  products  to  be  79,  with  the  alternative  compound 
assigned the structure 229.  The appearance of two separate hydroxyl peaks at δ 3.34 and δ 
3.40 provided further evidence for two individual brominated products and can be seen in 
the 
1H NMR spectrum of this mixture included in the appendix (Figure A 1). 
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3.8  Conclusion 
The preparation of the diene 80 was achieved in excellent yield over two steps, while the 
protection of the quinones 120, 121 and 210 as their methoxy methyl ethers were achieved 
in the high yields of 80%, 81% and 83% respectively.  However, the Diels Alder reaction 
between the diene 80 and the protected quinone 222 afforded no discrete products.  As a 
consequence, the direct bromination of quinone 210 was investigated.  The bromination 
was  found  to  occur  cleanly  and  in  a  high  yield  of  86%,  but  with  the  absence  of  any 
regioselectivity.  The brominated products 79 and 229 were obtained as an inseparable 
50:50 mixture. 
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3.9  Experimental 
3.9.1  Methods and Spectral Data 
 
(E)-Methyl 3-(trimethylsilyloxy)but-2-enoate 204 
O
OMe
O
205
O
OMe
TMSO
204  
Anhydrous powdered zinc chloride (200 mg, 1.47 mmol) was added to triethylamine (14.9 
g, 148 mmol) and the mixture stirred at room temperature for 30 min.  To this suspension 
was added a solution of methyl acetoacetate 205 (8.0 mL, 74.2 mmol) in toluene (25 mL) 
followed by trimethylsilyl chloride (15 mL, 118 mmol).  The reaction mixture was heated 
to 40 ºC and stirred for 3 h, after which time the mixture was cooled to room temperature 
and stirred for 30 min.  Ether was added (100 mL) and the reaction mixture filtered.  The 
filtrate was dried and concentrated to give a yellow oil.  Distillation at reduced pressure 
gave 204 as a clear colourless oil (10.1 g, 72%).  The experimental data were in agreement 
with the literature values.
74  
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(Z)-4-Methoxy-2,2,8,8-tetramethyl-6-methylene-3,7-dioxa-2,8-disilanon-4-ene 80 
OTMS
OMe
TMSO
80
O
OMe
TMSO
204  
A solution of diisopropylamine (1.08 g, 10.7 mmol) in THF (30 mL) was cooled to –78 ºC 
under nitrogen.  Butyl lithium in hexanes (1.6 M, 7.0 mL, 11.2 mmol) was added to this 
solution.    Compound  204  (1.65  g,  8.8  mmol)  was  added  dropwise  over  5  min.    After 
stirring for 10 min, trimethylsilyl chloride (1.53 g, 14.1 mmol) was added.  The reaction 
mixture was allowed to warm to room temperature and concentrated to give the diene 80 as 
a clear oil (2.18 g, 95%).  The experimental data were in agreement with the literature 
values.
74,87  
 
1-(Allyloxy)-4-methoxybenzene 127 
OMe
O
127
OMe
OH
126  
Allyl bromide (3.08 g, 25.4 mmol) was added to the phenol 126 (1.58 g, 12.7 mmol) and 
potassium carbonate (3.52 g, 25.5 mmol) in acetone (70 mL) under nitrogen.  The reaction 
mixture  was  heated  under  reflux  for  6  h  then  filtered  and  concentrated  to  afford  the 
allylated product  127  as a  yellow  oil  (1.96  g,  94%)    (Found:  M
+,  164.0841.  C10H12O2 
requires M, 164.0837); υmax/cm
 1 1603 and 1509 (C=C); δH 3.79 (3H, s, OCH3), 4.48 (2H, 
ddd, J 5.3, 1.5 and 1.5, 1′ H), 5.29 (1H, ddt, J 10.5, 1.5 and 1.5, cis 3' H), 5.40 (1H, ddt, J    
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17.2, 1.5 and 1.5, trans 3′ H), 6.05 (1H, ddt, J 17.2, 10.5 and 5.3, 2′ H), 6.80–6.89 (4H, 
AA′BB′, Ar H); δC 55.7 (OCH3), 69.5 (OCH2), 114.6 (2 C and 6 C)
a, 115.7 (3 C and 5 C)
a, 
117.5, (3′ C), 133.6 (2′ C), 152.8 (1 C)
b and 153.9 (4 C)
b; m/z 164 (M
+, 24%), 149 (11), 
124 (11), 123 (100), 97 (10), 95 (43), 91 (17) and 88 (15). 
 
2-Allyl-4-methoxyphenol 128 
OMe
O
127
OMe
OH
128  
The allyl ether 127 (400 mg, 2.44 mmol) was dissolved in hexanes (30 mL) and the mixture 
stirred under nitrogen at room temperature for 4 h with dimethyl aluminium chloride (1.0 
M in hexanes, 4.88 mL, 4.88 mmol).  Hydrochloric acid (2 M, 10 mL) was carefully added.  
The organic layer was separated, washed with saturated sodium chloride (10 mL), dried, 
concentrated  and  chromatographed  (SiO2,  2:1,  hexanes:  EtOAc)  to  give  128  as  a  light 
brown  oil  (388  mg,  97%)    (Found:  M
+,  164.0835.  C10H12O2  requires  M,  164.0837); 
υmax/cm
 1 3405 (OH), 1615 and 1505 (C=C); δH 3.36 (2H, dt, J 6.4 and 1.7, 1' H), 3.75 (3H, 
s, OCH3), 5.08–5.19 (2H, m, 3' H), 6.00 (1H, ddt, J 17.5, 9.6 and 6.4, 2' H) and 6.68–6.72 
(3H, m, 3 H, 5 H and 6 H); δC 35.2 (C 1'), 55.8 (OCH3), 112.6 (C 5), 115.8 (C 3)
a, 116.0 
(C 6)
a, 116.5 (C 3')
a, 126.7 (C 2), 136.2 (C 2'), 148.0 (C 1) and 153.7 (C 4); m/z 164 (M
+, 
72%), 149 (100), 137 (10), 123 (80), 121 (46), 103 (31), 91 (46) and 77 (50). 
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2-Allyl-4-methoxyphenyl 4-methylbenzenesulfonate 129 
OMe
OH
128
OMe
TsO
129  
p Toluenesulfonyl  chloride  (4.66  g,  24.4  mmol)  and  potassium  carbonate  (3.37  g, 24.4 
mmol)  were  added  to the  phenol 128  (2.0  g,  12.2  mmol)  in  acetone  (50  mL) at  room 
temperature under nitrogen.  After 20 h, the reaction mixture was filtered and the solvent 
removed under vacuum.  The residue was dissolved in ethyl acetate (15 mL) and washed 
with  saturated  sodium  hydrogen  carbonate  solution  (30  mL).    The  organic  layer  was 
separated, dried, concentrated and chromatographed (SiO2, 4:1, hexanes: EtOAc) to afford 
the  tosylated  product  129  as  a  pale  yellow  oil  (3.26  g,  85%)    (Found:  M
+,  318.0917. 
C17H18O4S requires M, 318.0926); υmax/cm
 1 1598 and 1493 (C=C); δH 2.46 (3H, s, Ar 
CH3), 3.15 (2H, d, J 6.7, 1' H), 3.75 (3H, s, OCH3), 5.00 (1H, dd, J 16.9 and 1.5, trans 3' 
H), 5.05 (1H, dd, J 10.1 and 1.5, cis 3' H), 5.74 (1H, ddt, J 16.9, 10.1 and 6.7, 2' H), 6.63 
(1H, d, J 3.1, 3 H), 6.67 (1 H, dd, J 3.1 and 9.1, 5 H), 6.92 (1H, d, J 9.1, 6 H), 7.33 (2H, 
AA′BB′, 3″ H and 5″ H) and 7.72–7.76 (2H, AA′BB′, 2″ H and 6″ H); δC 21.7 (Ar CH3), 
34.1 (C 1'), 55.5 (OCH3), 112.2 (C 5), 115.5 (C 3)
a, 116.9 (C 6)
a, 123.2 (C 3'), 128.5 (C 2″ 
and C 6″)
b, 129.7 (C 3″ and C 5″)
b, 133.0 (C 2)
c, 134.7 (C 2')
c, 135.3 (C 4″)
c, 141.3 (C 
1″)
c, 145.2 (C 1) and 158.0 (C 4); m/z 318 (M
+, 19%), 164 (13), 163 (100), 135 (23), 105 
(11), 103 (16) and 91 (28). 
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(E)-4-Methoxy-2-(prop-1'-enyl)phenyl 4-methylbenzenesulfonate 130 
OMe
TsO
129
OMe
TsO
130  
To a solution of the allyl tosylate compound 129 (3.41 g, 10.7 mmol) in chloroform (30 
mL) was added a catalytic quantity of bis(acetonitrile)dichloropalladium(II) (0.28 g, 1.0 
mmol).  This mixture was then heated under reflux at 60 ºC for 3 h.  The solution was then 
cooled and filtered through diatomaceous earth to afford the conjugated alkene 130 (2.56 g, 
75%)  as  as  pale  yellow  needles,  mp  189–190  °C  (2 propanol)  (Found:  M
+,  318.0924. 
C17H18O4S requires M, 318.0926); υmax/cm
 1 1598 and 1489 (C=C); δH 1.69 (3H, dd, J 1.7 
and 6.6, 2' CH3), 2.43 (3H, s, Ar CH3), 3.78 (3H, s, OCH3), 5.97 (1H, dq, J 15.8 and 6.6, 
2' H), 6.21 (1H, dq, J 15.8 and 1.7, 1' H), 6.68 (1H, dd, J 3.0 and 9.0, 5 H), 6.86 (1H, d, J 
3.0 , 3 H), 7.01 (1H, d, J 9.0, 6 H), 7.29 (2H, AA′BB′, 3″ H and 5″ H) and 7.64–7.67 (2H, 
AA′BB′, 2″ H and 6″ H); δC 18.6 (2' CH3), 21.7 (Ar CH3), 55.5 (OCH3), 110.8 (C 3)
a, 
113.0 (C 5)
a, 124.1 (C 2' and C 6), 128.3 (C 1')
b, 128.6 (C 2″ and C 6″)
b, 129.6 (C 3″ and 
C 5″)
b, 132.6 (C 2)
c, 132.7 (C 4″)
c, 140.2 (C 1″), 145.2 (C 1) and 158.0 (C 4); m/z 318 
(M
+, 34%), 164 (19), 163 (100), 135 (63), 105 (24), and 91 (26). 
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rel-(2'S,3'S)-4-Methoxy-2-(3'-methyloxiran-2'-yl)phenyl 4-methylbenzenesulfonate 
133 
OMe
TsO
133
O
OMe
TsO
130  
A solution of m chloroperbenzoic acid (570 mg, 32.9 mmol) in chloroform (30 mL) was 
added dropwise to the alkene 130 (900 mg, 28.3 mmol) and sodium hydrogen carbonate 
(240 mg, 28.6 mmol) in chloroform (40 mL) under nitrogen at 0 °C.  The reaction mixture 
was  stirred  for  a  further  12 h  at  room  temperature, filtered  and washed  with  saturated 
sodium hydrogen carbonate solution.  The chloroform layer was dried and concentrated to 
give the epoxide 133 as a yellow oil (918 mg, 97%) (Found: M
+, 334.0877. C17H18O5S 
requires M, 334.0875); υmax/cm
 1 1594 and 1494 (C=C); δH 1.40 (3H, d, J 5.1, 2 CH3), 2.47 
(3H, s, Ar CH3), 2.82 (1H, dq, J 2.0 and 5.1, 2′ H), 3.69 (1H, d, J 2.0, 1′ H), 3.76 (3H, s, 
OCH3), 6.67 (1H, dd, J 3.1 and 8.4, 5 H), 6.70 (1H, d, J 3.1, 3 H), 6.78 (1H, d, J 8.4, 6 H), 
7.34 (2H, AA′BB′, 3″ H and 5″ H) and 7.73 (2H, AA′BB′, 2″ H and 6″ H); δC 17.7 (2 
CH3), 21.7 (Ar CH3), 54.9 (C 2′), 55.5 (OCH3), 59.3 (C 1′),  110.0 (C 5), 114.1 (C 3), 
123.2 (C 6), 128.5 (C 2″ and C 6″)
a, 129.9 (C 3″ and C 5″)
a, 130.9 (C 2), 132.7 (C 4″)
b, 
133.3 (C 1″)
b, 145.8 (C 1) and 158.5 (C 4); m/z 334 (M
+, 9%), 180 (13), 179 (100), 167 
(13), 163 (14), 161 (11), 152 (13), 151 (78), 149 (26), 147 (14), 137 (25), 123 (19), 107 
(13), 95 (11), 92 (27), 91 (42) and 77 (19). 
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rel-(1'R,2'S)-2-(1',2'-Dihydroxypropyl)-4-methoxyphenyl 4-methylbenzenesulfonate 
134 
OMe
TsO
134
OH
OH
OMe
TsO
133
O
 
The epoxide 133 (300 mg, 0.90 mmol) in  4:1 dimethyl sulfoxide–water (12 mL) at room 
temperature was treated with sulfuric acid (0.2 M, 4.8 mL, 0.96 mmol) and stirred for 24 h.  
This mixture was then diluted with water (50 mL) and ethyl acetate (50 mL).  The phases 
were  separated  and  the  aqueous  layer  extracted  with  ethyl  acetate  (3  ×  20  mL).    The 
combined organic extracts were then washed once with water (20 mL) and twice with brine 
(2 × 20 mL), then dried, concentrated and chromatographed (SiO2, 2:1, hexanes: EtOAc) to 
afford the diol 134 as a pale brown oil (291 mg, 92%)  (Found: M
+, 352.0993. C18H20O6S 
requires M, 352.0981); υmax/cm
 1 3444 (OH), 1608 and 1489 (C=C); δH 1.03 (3H, d, J 6.4, 
2' CH3) 2.46 (3H, s, Ar CH3), 3.78 (3H, s, OCH3), 4.10 (1H, dq, J 4.4 and 6.4, 2' H), 4.88 
(1H, d, J 4.4, 1' H), 6.69 (1H, dd, J 3.1 and 9.0, 5 H), 6.80 (1H, d, J 9.0, 6 H), 7.16 (1H, d, 
J 3.1, 3 H), 7.35 (2H, AA′BB′, 3″ H and 5″ H) and 7.76 (2H, AA′BB′, 2″ H and 6″ H); δC 
17.5 (2' CH3), 21.8 (Ar CH3), 55.6 (OCH3), 69.8 (C 2')
a, 71.4 (C 1')
a, 113.2 (C 5)
b, 114.2 
(C 3)
b, 122.9 (C 6), 128.5 (C 2″ and C 6″)
c, 129.9 (C 3″ and C 5″)
c, 132.6 (C 2), 135.5 (C 
4″), 140.5 (C 1″), 145.7 (C 1) and 158.4 (C 4); m/ z 352 (M
+, 5%), 334 (16), 308 (30), 279 
(21), 205 (13), 179 (100), 167 (34), 153 (84), 152 (59), 151 (81), 137 (52), 125 (32), 107 
(37), 91 (78) and 77 (66). 
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rel-(2'S,4'R,5'S)-2-(2',5'-Dimethyl-1',3'-dioxolan-4'-yl)-4-methoxyphenyl 4-
methylbenzenesulfonate 111 
OMe
TsO
134
OH
OH
OMe
TsO
111
O
O
 
The diol  134  (250  mg,  0.71  mmol)  in  dichloromethane  (20 mL)  was  treated  with  1,1 
dimethoxyethane  (1.5  mL)  and  10 camphorsulfonic  acid  (25  mg,  0.107  mmol).    This 
mixture was then stirred for 4 h at room temperature under nitrogen.  The reaction was 
quenched with saturated aqueous sodium hydrogencarbonate (25 mL), and then extracted 
with  dichloromethane  (2  ×  20  mL).    The  organic  layer  was  dried,  concentrated  and 
chromatographed (SiO2, 3:1, hexanes: EtOAc) to afford the dioxolane 111 as a yellow oil 
(238 mg, 89%)  (Found: M
+, 378.1137. C19H22O6S requires M, 378.1137); υmax/cm
 1 1596 
and 1491 (C=C); δH 0.84 (3H, d, J 6.3, 5' CH3), 1.51 (3H, d, J 4.8, 2' CH3), 2.47 (3H, s, Ar 
CH3), 3.80 (3H, s, OCH3), 4.39 (1H, dq, J 7.1 and 6.3, 5' H), 5.09 (1H, q, J 4.8, 2' H), 5.15 
(1H, d, J 7.1, 4' H), 6.70 (1H, dd, J 3.1 and 9.0, 5 H), 6.84 (1H, d, J 9.0, 6 H), 7.03 (1H, d, 
J 3.1, 3 H), 7.35 (2H, AA′BB′, 3″ H and 5″ H) and 7.76 (2H, AA′BB′, 2″ H and 6″ H); δC 
16.4 (5' CH3), 19.8 (2' CH3), 21.8 (Ar CH3), 55.5 (OCH3), 75.3 (C 5')
a, 75.6 (C 4')
a, 100.5 
(C 2'), 113.6 (C 5)
b, 113.8 (C 3)
b, 122.6 (C 6), 128.5 (C 2″ and C 6″)
c, 130.0 (C 3″ and C 
5″)
c, 132.8 (C 2)
d, 133.1 (C 4″)
d, 140.4 (C 1″), 145.6 (C 1) and 158.0 (C 4); m/z 378 (M
+, 
18%), 364 (15), 363 (53), 334 (23), 319 (29), 191 (38), 180 (24), 179 (100), 164 (13), 163 
(14), 161 (11), 155 (14), 151 (16), 136 (13) and 91 (38). 
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rel-(1R,3R,4S)-4-Hydroxy-8-methoxy-1,3-dimethylisochroman-5-yl 4-
methylbenzenesulfonate 212 
O
MeO
TsO
212
OH
OMe
TsO
111
O
O
 
Titanium tetrachloride (3.92 g, 20.6 mmol) was added to a stirred solution of the dioxolane 
111  (3.90  g,  10.3  mmol)  in  dichloromethane  (50  mL)  at   78  °C  in  an  atmosphere  of 
nitrogen.  After 1 h, the reaction was quenched with methanol (1 mL), and then neutralised 
with sodium hydrogencarbonate (2 mL).  This was then poured onto water, the organic 
layer separated, and the resulting aqueous layer extracted with more dichloromethane (3 × 
20  mL).  The  organic  layer  was  dried,  concentrated  and  chromatographed  (SiO2,  4:1, 
hexanes: EtOAc) to give three separate components.  The first compound to be eluted was 
the starting material dioxolane 111 (1.65 g, 42%), followed by the 2 benzopyran 212 as a 
pale yellow oil that crystallised on standing to give a white precipitate (1.50 g, 80% based 
on  consumed  starting  material  and  recovered  diol)  mp  109–110  ºC  (dichloromethane 
hexane) (Found: M
+ 378.1150. C19H22O6S requires M, 378.1137); υmax/cm
 1 3560 (OH), 
1598 and 1482 (C=C); δH 1.11 (3H, d, J 6.4, 3 CH3), 1.54 (3H, d, J 6.5, 1 CH3), 2.45 (1 H, 
d, J 10.1, OH), 2.47 (3H, s, Ar CH3), 3.80 (3H, s, OCH3), 4.05 (1H, dq, J 5.4 and 6.4, 3 H), 
4.32 (1H, dd, J 5.4 and 10.1, 4 H), 4.92 (1H, q, J 6.5, 1 H), 6.69 (1H, d, J 9.0, 7 H), 6.93 
(1H, d, J 9.0, 6 H), 7.36 (2H, AA′BB′, 3′ H and 5′ H) and 7.82 (2H, AA′BB′, 2′ H and 6′ 
H); δC 17.3 (3 CH3), 19.6 (1 CH3), 21.6 (5 CH3), 55.4 (OCH3), 65.9 (4 C), 66.1 (1 C), 69.3 
(3 C), 109.5 (6 C)
a, 121.1 (7 C)
a, 128.4 (2′ C and 6′ C)
b, 129.9 (3′ C, 5′ C and 4a C)
b,    
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132.5 (8a C and 4′ C), 141.6 (5 C)
c, 145.7 (1′ C)
d and 153.6 (8 C)
c; m/z 378 (M
+, 18%), 
364 (15), 363 (53), 334 (23), 319 (29), 191 (38), 180 (24), 179 (100), 164 (13), 155 (14), 
151 (16), 136 (13) and 91 (38).  The final compound to be eluted was the diol 134 (350 mg, 
17% based on consumed starting material). 
 
rel-(1'S,2'S)-2-(1',2'-Dihydroxypropyl)-4-methoxyphenyl 4-methylbenzenesulfonate 
131 
OMe
TsO
131
OH
OH
OMe
TsO
130  
The alkene 130 (500 mg, 1.57 mmol) in 1:1 acetone–water (40 mL) was treated with N 
methylmorpholine N oxide (900 mg, 7.66 mmol) and osmium tetroxide (13 mg) in t butyl 
alcohol (6.6 mL) at 0 °C.  After stirring at room temperature for 24 h, the acetone was 
removed under vacuum.  The resulting aqueous layer was poured onto dilute hydrochloric 
acid (2 M, 30 mL) and extracted into ethyl acetate (3 × 50 mL).  The organic layer was 
dried, concentrated and chromatographed (SiO2, 2:1, hexanes: EtOAc) to yield the diol 131 
as  a  pale  brown  oil  (522  mg,  95%)  (Found:  M
+,  352.0966.  C18H20O6S  requires  M, 
352.0981); υmax/cm
 1 3411 (OH), 1595 and 1490 (C=C); δH 1.01 (3H, d, J 6.4, CH3), 2.47 
(3H, s, Ar CH3), 3.78 (3H, s, OCH3), 3.97 (1H, dq, J 7.2 and 6.4, 2 H), 4.64 (1H, d, J 7.2, 
1 H), 6.70 (1H, dd, J 3.0 and 9.0, 4′ H), 6.78 (1H, d, J 9.0, 3′ H), 7.01 (1H, d, J 3.0, 6′ H), 
7.36 (2H, AA′BB′, 3″ H and 5″ H) and 7.76 (2H, AA′BB′, 2″ H and 6″ H); δC 18.4 (CH3), 
21.8 (Ar CH3), 55.6 (OCH3), 71.1 (2 C)
a, 72.5 (1 C)
a, 112.9 (4′ C)
b, 114.3 (6′ C)
b, 123.3    
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(3′ C), 128.6 (2″ C and 6″ C)
c, 129.9 (3″ C and 5″ C)
c, 132.4 (1′ C), 136.4 (4″ C), 140.3 
(1″ C), 145.8 (2′ C) and 158.5 (5′ C); m/ z 352 (M
+, 5%), 308 (29), 179 (35), 163 (19), 155 
(56), 153 (91), 152 (81), 151 (76), 138 (12), 137 (100), 125 (47), 107 (14), 92 (28) and 91 
(93). 
 
rel-(2'S,4'S,5'S)-2-(2',5'-Dimethyl-1',3'-dioxolan-4'-yl)-4-methoxyphenyl 4-
methylbenzenesulfonate 214 and rel-(2'R,4'S,5'S)-2-(2',5'-dimethyl-1',3'-dioxolan-4'-
yl)-4-methoxyphenyl 4-methylbenzenesulfonate 215 
OMe
TsO
214
O
O
OMe
TsO
131
OH
OH
OMe
TsO
215
O
O
+
 
The diol  131  (185  mg,  0.52  mmol)  in  dichloromethane  (30 mL)  was  treated  with  1,1 
dimethoxyethane (1 mL) and 10 camphorsulfonic acid (12 mg, 0.052 mmol).  This mixture 
was then stirred under nitrogen at room temperature for 3 h.  The reaction mixture was 
quenched with saturated aqueous sodium hydrogencarbonate (25 mL), and then extracted 
with  dichloromethane  (2  ×  20  mL).    The  organic  layer  was  dried,  concentrated  and 
chromatographed (SiO2, 3:1, hexanes: EtOAc) to afford an inseparable 3:1 mixture of the 
dioxolanes 214 and 215 (168 mg, 85%) as a yellow oil (Found: C, 59.9; H, 6.0. C19H22O6S 
requires C, 60.3; H 5.9%); υmax/cm
 1 1596 and 1491 (C=C); δH (for 214) 1.37 (3H, d, J 6.2, 
5 CH3), 1.39 (3H, d, J 4.9, 2 CH3), 2.45 (3H, s, Ar CH3), 3.79 (3H, s, OCH3), 3.81 (1H, dq, 
J 7.3 and 6.2, 5 H), 4.45 (1H, d, J 7.3, 4 H), 5.30 (1H, q, J 4.9, 2 H), 6.74 (1H, dd, J 3.1 
and 9.1, 4′ H), 6.97 (1H, d, J 3.1, 6′ H), 7.04 (1H, d, J 9.1, 3′ H), 7.34 (2H, AA′BB′, 3″ H    
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and 5″ H) and 7.74 (2H, AA′BB′, 2″ H and 6″ H); δC 17.4 (5 CH3), 20.5 (2 CH3), 21.7 (4″ 
CH3), 55.6 (OCH3), 78.5 (5 C), 81.0 (4 C), 101.7 (2 C), 112.2 (4′ C), 113.7 (6′ C), 123.3 
(3′ C), 128.4 (2″ C and 6″ C)
a, 129.9 (3″ C and 5″ C)
a, 132.7 (1′ C), 134.0 (4″ C), 140.8 
(1″ C), 145.6 (2′ C) and 158.3 (5′ C); δH (for 215) 1.34 (3H, d, J 6.3, 5 CH3), 1.46 (3H, d, J 
4.8, 2 CH3), 2.46 (3H, s, Ar CH3), 3.79 (3H, s, OCH3), 3.96 (1H, dq, J 4.5 and 6.3, 5 H), 
4.66 (1 H, d, J 4.5, 4 H), 5.25 (1H, q, J 4.8, 2 H), 6.71 (1H, dd, J 3.1 and 9.0, 4′ H), 6.86 
(1H, d, J 9.0, 3′ H), 7.07 (1H, d, J 3.1, 6′ H), 7.34 (2H, AA′BB′, 3″ H and 5″ H) and 7.74 
(2H, AA′BB′, 2″ H and 6″ H); m/z 378 (M
+, 7%), 180 (14), 179 (100), 163 (11), 151 (34) 
and 91 (116). 
 
rel-(1R,3S,4S)-4-Hydroxy-8-methoxy-1,3-dimethylisochroman-5-yl 4-
methylbenzenesulfonate 117 and rel-(1S,3S,4S)-4-hydroxy-8-methoxy-1,3-
dimethylisochroman-5-yl 4-methylbenzenesulfonate 118 
O
MeO
TsO
117
OH
O
MeO
TsO
118
OH
OMe
TsO
116
O
O
+
 
Titanium tetrachloride (341  L, 3.10 mmol) was added to a stirred solution of mixture of 
the dioxolanes 116 (550 mg, 1.46 mmol) in dichloromethane (60 mL) at  78 °C under an 
atmosphere of nitrogen.  After 1 h, the reaction was quenched with methanol (1 mL), and 
then neutralised with sodium hydrogencarbonate (2 mL).  This was then poured into water 
(20 mL), the organic layer separated, and the resulting aqueous layer extracted with more 
dichloromethane  (3  ×  20  mL).    The  organic  layer  was  dried,  concentrated  and    
  130 
chromatographed (SiO2, 4:1, hexanes: EtOAc) to afford four separate components.  Starting 
material  116  (17  mg,  17%)  was  eluted  first,  followed  by  the  2 benzopyran  117    as  a 
colourless  oil  (133  mg,  59%  based  on  consumed  starting  material  and  recovered  diol) 
(Found (for 117): C, 60.6; H, 5.9; M
+ 378.1150. C19H22O6S requires C, 60.3; H, 5.9%; M, 
378.1137); υmax/cm
 1 3563 (OH), 1594 and 1474 (Ar C=C), 1377 and 1175 (SO2 O), 1092 
(C O C); δH 1.32 (3H, d, J 6.5, 3 CH3), 1.57 (3H, d, J 6.3, 1 CH3), 2.46 (1H, d, J 7.0, OH),  
2.48 (3H, s, Ar CH3), 3.48 (1H, dq, J 0.8 and 6.5, 3 H), 3.80 (3H, s, OCH3), 4.32 (1H, dd, J 
0.8 and 7.0, 4 H), 4.91 (1H, q, J 6.3, 1 H), 6.73 (1H, d, J 9.0, 7 H), 6.93 (1H, d, J 9.0, 6 H), 
7.37 (2H, m, AA′BB′, 3′ H and 5′ H) and 7.83 (2H, m, AA′BB′, 2′ H and 6′ H); δC 17.0 (3 
CH3), 21.7 (1 CH3 and 5 CH3), 55.5 (OCH3), 62.9 (4 C), 70.6 (1 C), 71.7 (3 C), 110.2 (6 
C)
a, 121.0 (7 C)
a, 128.6 (2′ C and 6′ C)
b, 129.5 (4a C)
c, 129.9 (3′ C and 5′ C)
b, 131.8 (8a 
C)
c, 132.7 (4′ C)
d, 140.6 (5 C)
c, 145.6 (1′ C)
d and 154.6 (8 C)
c; m/z 378 (M
+, 5%), 363 
(12), 334 (12), 191 (21), 180 (17), 179 (100), 155 (11), 136 (10) and 91 (36).  This was 
followed by the 2 benzopyran 118 as a colourless oil (77 mg, 34% based on consumed 
staring  material  and  recovered  diol)  (Found  (for  118):  C,  60.1;  H,  5.9;  M
+  378.1150. 
C19H22O6S requires C, 60.3; H, 5.9%; M, 378.1137); vmax/cm
 1 3442 (OH), 1595 and 1474 
(Ar C=C); δH 1.33 (3H, d, J 6.5, 3 CH3), 1.45 (3H, d, J 6.7, 1 CH3), 2.23 (1H, d, J 7.4, 
OH), 2.48 (3H, s, Ar CH3), 3.80 (3H, s, OCH3), 3.89 (1H, dq, J 1.6 and 6.5, 3 H), 4.28 (1H, 
dd, J 1.6 and 7.4, 4 H), 5.08 (1H, q, J 6.7, 1 H), 6.70 (1H, d, J 9.0, 7 H), 6.96 (1H, d, J 9.0, 
6 H), 7.36 (2H, AA′BB′, 3′ H and 5′ H) and 7.84 (2H, AA′BB′, 2′ H and 6′ H); δC 16.9 (3 
CH3), 18.0 (1 CH3), 21.8 (5 CH3), 55.6 (OCH3), 62.2 (4 C), 65.9 (1 C), 68.4 (3 C), 109.8 
(6 C)
a, 121.1 (7 C)
a, 128.6 (2′ C and 6′ C)
b, 129.4 (4a C)
c, 129.8 (3′ C and 5′ C)
b, 130.6 
(8a C)
c, 132.8 (4′ C)
d, 141.0 (5 C)
c, 145.6 (1′ C)
d and 153.8 (8 C)
c; mass spectral values    
  131 
118  were in agreement with those for 117.  The final compound to be eluted was the diol 
131 (40 mg, 16% based on consumed starting material). 
 
rel-(1R,3S,4S)-8-Methoxy-1,3-dimethylisochroman-4,5-diol 75 
O
MeO
TsO
117
OH
O
MeO
OH
75
OH
 
A solution of aqueous 20% potassium hydroxide (1 mL) was added to the 2 benzopyran 
117 (230 mg, 0.61 mmol) in methanol (15 mL) and heated to 70 ºC under nitrogen for 3 h.  
Upon cooling the solution the methanol was removed under reduced pressure.  The residue 
was dissolved in water (40 mL) and made slightly acidic using concentrated hydrochloric 
acid.  After stirring for 15 min the solution was extracted with ethyl acetate (3 × 20 mL), 
dried  and  concentrated  to  afford  the  diol  75  as  an  orange  oil  (129  mg,  95%).    The 
experimental data were in agreement with the literature values .
88 
 
rel-(1S,3S,4S)-8-Methoxy-1,3-dimethylisochroman-4,5-diol 119 
O
MeO
OH
119
OH
O
MeO
TsO
118
OH
 
A solution of aqueous 20% potassium hydroxide (1 mL) was added to the 2 benzopyran 
118 (180 mg, 0.48 mmol) in methanol (15 mL) and heated to 70 ºC under nitrogen for 3 h.  
Upon cooling the solution the methanol was removed under reduced pressure.  The residue    
  132 
was dissolved in water (40 mL) and made slightly acidic using concentrated hydrochloric 
acid.  After stirring for 15 min the solution was extracted with ethyl acetate (3 × 20 mL), 
dried and concentrated to afford the diol 119 as a light brown oil (102 mg, 96%) (υmax/cm
 1 
3458 (OH), 1587 and 1491 (Ar C=C); δH 1.39 (3H, d, J 6.5, 3 CH3), 1.50 (3H, d, J 6.7, 1 
CH3), 3.77 (3H, s, OCH3), 4.15 (1H, dq, J 2.6 and 6.5, 3 H), 4.40 (1H, d, J 2.6, 4 H), 5.03 
(1H, q, J 6.7, 1 H), 5.74 (1H, br s, OH), 6.72 (1H, d, J 8.8, 6 H) and 6.80 (1H, d, J 8.8, 7 
H).    
 
rel-(1R,3R,4S)-8-Methoxy-1,3-dimethylisochroman-4,5-diol 218 
O
MeO
OH
218
OH
O
MeO
TsO
212
OH
 
A solution of aqueous 20% potassium hydroxide (1 mL) was added to the 2 benzopyran 
212 (210 mg, 0.56 mmol) in methanol (15 mL) and heated to 70 ºC under nitrogen for 2 h.  
Upon cooling the solution the methanol was removed under reduced pressure.  The residue 
was dissolved in water (40 mL) and made slightly acidic using concentrated hydrochloric 
acid.  After stirring for 15 min the solution was extracted with ethyl acetate (3 × 20 mL), 
dried and concentrated to afford the diol 218 as a light brown oil (121 mg, 97%).  The 
experimental data were in agreement with the literature values.
37      
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rel-(1R,3S,4S)-4-Hydroxy-1,3-dimethyl-3,4-dihydro-1H-isochromene-5,8-dione 120 
O
MeO
OH
75
OH
O
O
O
120
OH
 
The diol 75 (53 mg, 0.24 mmol), silver (II) oxide (117 mg, 0.95 mmol) and dioxane (10 
mL) were stirred together at room temperature and the reaction was initiated by the addition 
of nitric acid (0.15 mL, 6 M).  After 10 min the reaction was quenched by the addition of  
4:1  dichloromethane–water  (10  mL)  and  the  organic  layer  then  washed  with  saturated 
sodium hydrogen carbonate solution (20 mL), dried, concentrated and chromatographed 
(SiO2, 3:1, hexanes: EtOAc) to  give quinone 120 as a  yellow oil (44  mg, 90%).   The 
experimental data were in agreement with the literature values.
65   
 
rel-(1S,3S,4S)-4-Hydroxy-1,3-dimethyl-3,4-dihydro-1H-isochromene-5,8-dione 121 
O
O
O
121
OH
O
MeO
OH
119
OH
 
The diol 119 (80 mg, 0.36 mmol), silver (II) oxide (78 mg, 0.63 mmol) and dioxane (15 
mL) were stirred together at room temperature and the reaction was initiated by the addition 
of nitric acid (0.15 mL, 6 M).  After 10 min the reaction was quenched by the addition of 
4:1  dichloromethane–water  (10  mL)  and  the  organic  layer  then  washed  with  saturated 
sodium hydrogen carbonate solution (20 mL), dried, concentrated and chromatographed    
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(SiO2, 3:1, hexanes: EtOAc) to  give quinone 121 as a  yellow oil (65  mg, 87%).   The 
experimental data were in agreement with the literature values.
10 
 
rel-(1R,3R,4S)-4-Hydroxy-1,3-dimethyl-3,4-dihydro-1H-isochromene-5,8-dione 210 
O
O
O
210
OH
O
MeO
OH
218
OH
 
The diol 218 (106 mg, 0.48 mmol), silver(II) oxide (234 mg, 1.90 mmol) and dioxane (20 
mL) were stirred together at room temperature and the reaction was initiated by the addition 
of nitric acid (0.30 mL, 6 M).  After 10 min the reaction was quenched by the addition of  
4:1  dichloromethane–water  (10  mL)  and  the  organic  layer  then  washed  with  saturated 
sodium hydrogen carbonate solution (20 mL), dried, concentrated and chromatographed 
(SiO2, 3:1, hexanes: EtOAc) to  give quinone 120 as a  yellow oil (86  mg, 87%).   The 
experimental data were in agreement with the literature values.
10 
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rel-(1S,3S,4S)-1,3-Dimethyl-5,8-dioxo-3,4,5,8-tetrahydro-1H-isochromen-4-yl acetate 
221 
O
OH
O
O
121
O
OAc
O
O
221  
Pyridine (42 mg, 0.5 mmol) and acetic anhydride (1 mL) were added to quinone 121 (110 
mg,  0.5  mmol)  and  stirred  at  room  temperature  under  nitrogen.    After  25  min,  water 
(25mL) was added, then extracted with dichloromethane (2 × 20 mL) and washed with 
saturated  sodium  hydrogen  carbonate  solution  (20  mL).    This  solution  was  then  dried, 
concentrated  and  chromatographed  (SiO2,  4:1,  hexanes:  EtOAc)  to  give  the  protected 
quinone  221  as  an  orange  oil  (49  mg,  37%).  (Found:  (M  +  H)
+,  251.0909,  C13H14O5 
requires (M + H), 251.0919); υmax/cm
 1 1752 and 1654 (C=O); δH 1.23 (3H, d, J 6.4, 3  
CH3), 1.47 (3H, d, J 6.9, 1  CH3), 2.08 (3H, s, COCH3), 4.04 (1H, dq, J 2.3 and 6.4, 3 H), 
4.91 (1H, q, J 6.9, 1 H), 5.80 (1H, d, J 2.3, 4 H) and 6.78 (2H, s, 6  and 7 H); δC 16.2 (3 
CH3), 17.8 (CH3CO)
a, 20.6 (1 CH3)
a, 61.4 (C 3), 65.7 (C 1), 66.9 (C 4), 135.4 (C 4a)
b, 
136.4 (C 6)
c, 136.6 (C 7)
c, 146.9 (C 8a)
b, 169.7 (CH3CO), 184.7 (C 5)
d and 185.8 (C 8)
d; 
m/z 251 (M
+, 58%), 214 (99), 192 (40), 191 (65) and 165 (100).  
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rel-(1R,3S,4S)-1,3-Dimethyl-5,8-dioxo-3,4,5,8-tetrahydro-1H-isochromen-4-yl acetate 
220  
O
OAc
O
O
220
O
OH
O
O
120  
Pyridine (34 mg, 0.4 mmol) and acetic anhydride (1 mL) were added to quinone 120 (80 
mg, 0.4 mmol) and stirred at room temperature under nitrogen.  After 20 min, water (25 
mL)  was  added,  then  extracted  with  dichloromethane  (2  ×  20  mL)  and  washed  with 
saturated  sodium  hydrogen  carbonate  solution  (20  mL).    This  solution  was  then  dried, 
concentrated  and  chromatographed  (SiO2,  4:1,  hexanes:  EtOAc)  to  give  the  protected 
quinone 220 (30mg, 31%) as yellow crystals, mp 156–157 °C (methanol) (Found: (M + 
H)
+, 251.0921.  C13H14O5 requires (M + H), 251.0919);   ); υmax/cm
 1 1746 and 1660 (C=O); 
δH 1.23 (3H, d, J 6.4, 3  CH3), 1.56 (3H, d, J 6.7, 1 CH3), 2.11 (3H, s, COCH3), 3.66 (1H, 
dq, J 1.8 and 6.4, 3 H), 4.65 (1H, dq, J 2.0 and 6.7, 1 H), 5.82 (dd, J 1.8 and 2.0, 4 H), 6.75 
and 6.79 (2H, AB quartet, J 10.2, 6  and 7 H); δC 16.2 (3 CH3), 20.4 (CH3CO)
a, 20.8 (1 
CH3)
a, 62.2 (C 3), 69.6 (C 4), 71.4 (C 1), 136.1 (C 6)
b, 136.3 (C 4a), 137.1 (C 7)
b, 147.3 
(C 8a), 169.9 (CH3CO), 184.6 (C 5) and 186.5 (C 8); m/z 251 [(M + 1)
+, 100%], 223 (20), 
193 (29), 192 (47), 191 (85), 177 (35) and 171 (18). 
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rel-(1S,3S,4S)-4-(Methoxymethoxy)-1,3-dimethyl-3,4-dihydro-1H-isochromene-5,8-
dione 224 
O
OH
O
O
121
O
OMOM
O
O
224  
To a solution of quinone 121 (280 mg, 1.4 mmol) and dimethoxymethane (530 mg, 7.0 
mmol) in chloroform (10 mL) at room temperature under nitrogen was added phosphorus 
pentoxide (1.0 g, 9.0 mmol). After stirring for 1.5 h the reaction mixture was diluted with 
chloroform (30 mL) and washed with saturated aqueous sodium chloride (2 × 15 mL), then 
dried and concentrated to give the protected quinone 224 (275 mg, 81%) as dark yellow 
crystals, mp 99–100 °C (methanol). (Found: (M + 2H)
+, 254.1163. C13H16O5 requires (M + 
2H), 254.1154); υmax/cm
 1 1657 (C=O); δH 1.39 (3H, d, J 6.4, 3 CH3), 1.44 (3H, d, J 6.9, 1 
CH3), 3.36 (3H, s, OCH3), 3.91 (1H, dq, J 1.9 and 6.4, 3 H), 4.31 (1H, d, J 1.9, 4 H), 4.90 
(1H, q, J 6.9, 1 H), 6.73 and 6.80 (2H, AB quartet, J 10.2, 6  and 7 H); δC 17.1 (3 CH3), 
18.1 (1 CH3), 56.3 (OCH2OCH3), 66.3 (C 4)
a, 66.7 (C 3)
a, 67.0 (C 1)
a, 97.3 (OCH2OCH3), 
136.4 (C 6)
b, 136.5 (C 7)
b, 138.0 (C 8a), 144.9 (C 4a), 185.9 (C 5)
c and 186.4 (C 8)
c; m/z 
254 [(M + 2H)
+, 46%], 223 (25), 222 (83), 221 (100), 220 (29) and 213 (20).  
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rel-(1R,3S,4S)-4-(Methoxymethoxy)-1,3-dimethyl-3,4-dihydro-1H-isochromene-5,8-
dione 223 
O
OMOM
O
O
223
O
OH
O
O
120  
To a solution of quinone 120 (150 mg, 0.7 mmol) and dimethoxymethane (275 mg, 3.6 
mmol) in chloroform (10 mL) at room temperature under nitrogen was added phosphorus 
pentoxide (500 mg, 4.5 mmol).  After stirring for 1.5 h the reaction mixture was diluted 
with chloroform (30 mL) and washed with saturated aqueous sodium chloride (2 × 15 mL), 
then dried and concentrated to give the protected quinone 223 (145 mg, 80%) as a dark 
orange oil. (Found: (M+2H)
+, 254.1145. C13H18O5 requires (M+2H), 254.1154)  ); υmax/cm
 
1 1661 (C=O); δH 1.39 (3H, d, J 6.4, 3 CH3), 1.55 (3H, d, J 6.7, 1 CH3), 3.35 (3H, s, 
OCH3), 3.55 (1H, dq, J 1.3 and 6.4, 3 H), 4.38 (1H, dd, J 1.2 and 1.3, 4 H), 4.68 (1H, dq, J 
1.2 and 6.7), 4.71 and 4.92 (2H, AB quartet, J 6.9, OCH2), 6.73 and 6.80 (2H, AB quartet, J 
10.1, 6  and 7 H); δC 17.0 (3 CH3), 21.1 (1 CH3), 56.1 (OCH2OCH3), 66.2 (C 4), 69.4 (C 
3), 72.1 (C 1), 96.5 (OCH2OCH3), 136.2 (C 6)
a, 136.8 (C 7)
a, 139.0 (C 8a), 145.1 (C 4a), 
185.5 (C 4)
b and 186.7 (C 8)
b; m/z 254 [(M+2)
+, 11%], 221 (15), 191 (10), 177 (11) and 
165 (100). 
 
 
 
    
  139 
rel-(1R,3R,4S)-4-(Methoxymethoxy)-1,3-dimethyl-3,4-dihydro-1H-isochromene-5,8-
dione 222 
O
OMOM
O
O
222
O
OH
O
O
210  
To a solution of quinone 210 (170 mg, 0.8 mmol) and dimethoxymethane (310 mg, 4.0 
mmol) in chloroform (10 mL) at room temperature under nitrogen was added phosphorus 
pentoxide (500 mg, 4.5 mmol).  After stirring for 1.5 h the reaction mixture was diluted 
with chloroform (30 mL) and washed with saturated aqueous sodium chloride (2 × 15 mL), 
then dried and concentrated to give the protected quinone 222 (170 mg, 83%) as a light 
yellow oil. (Found: (M+2H)
+, 254.1150. C13H18O5 requires (M+2H), 254.1154); υmax/cm
 1 
1658 (C=O); δH 1.20 (3H, d, J 6.7, 3 CH3), 1.53 (3H, d, J 6.7, 1 CH3), 3.40 (3H, s, OCH3), 
4.25 (1H, dq, J 3.0 and 6.7, 3 H), 4.32 (1H, dd, J 3.0 and 1.3, 4 H), 4.68 (1H, dq, J 1.3 and 
6.7, 1 H), 4.74 and 4.94 (2H, AB quartet, J 7.0, OCH2), 6.74 and 6.80 (2H, AB quartet, J 
10.2, 6  and 7 H); δC 16.3 (3 CH3), 20.0 (1 CH3), 63.6 (C 4)
a, 69.1 (C 3)
a, 70.0 (C 1)
a, 97.0 
(OCH2CH3), 136.5 (C 7)
b 135.6 (C 6a)
b, 136.7 (C 8a), 145.3 (C 4a), 185.6 (C 5) and 186.2 
(C 8); m/z 254 [(M+2)
+, 2%], 208 (20), 205 (16), 192 (36), 190 (11), 178 (21), 177 (100), 
176 (12), 163 (12), 162 (13), 150 (13), 149 (39) and 121 (13). 
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rel-(1R,3R,4S)-7-Bromo-4-hydroxy-1,3-dimethyl-3,4-dihydro-1H-isochromene-5,8-
dione  79  and  rel-(1R,3R,4S)-6-bromo-4-hydroxy-1,3-dimethyl-3,4-dihydro-1H-
isochromene-5,8-dione 229 
O
OH
O
O
210
O
OH
O
O
79
Br
O
OH
O
O
229
Br
+
 
A solution of bromine (54 mg, 0.34 mmol ) in acetic acid (2 mL) was added dropwise at 
room  temperature  to  quinone  210  (70  mg,  0.34  mmol)  in  acetic  acid  (20  mL)  under 
nitrogen.  After 10 min ice water (20 mL) was added, followed by neutralization with 
saturated  sodium  hydrogen  carbonate  solution  (80  mL).    This  aqueous  solution  was 
extracted exhaustively with chloroform, then dried and concentrated to give the brominated 
quinones  79  and  229  (80  mg,  86%)  as  an  inseparable  mixture  (1:1)  of  bright  orange 
crystals, mp 119–120 °C (dichloromethane hexane).  All experimental data for 79 were in 
agreement  with  the  literature  values.
10    (Found:  M
+,  285.9843.  C11H11BrO4  requires  M 
(
79Br), 285.9843); υmax/cm
 1 3505 (OH), 1677 and 1652 (C=O) and 1590 (C=C); δH (for 
229) 1.38 (3H, d, J 6.2, 3 CH3), 1.54 (3H, d, J 7.1, 1 CH3), 3.34 (1H, d, J 3.0, OH), 3.79–
3.90 (1H, m, 3 H), 4.33–4.40 (1H, m, 4 H), 4.73–4.84 (1H, m, 1 H) and 7.27 (1H, s, 7 H): 
δC (for 229) 18.4 (3 CH3), 18.9 (1 CH3), 66.8 (C 4), 67.2 (C 3), 67.4 (C 1), 137.0 (C 6), 
137.7 (C 7), 139.4 (C 8a), 145.3 (C 4a), 178.4 (C 8) and 185.6 (C 5).  
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4  Chapter 4 
4.1  Overview and Synthetic Strategy 
The  application  of  a  stereoselective  reaction  between  metal  phenolates  and  chiral 
aldehydes
41,42 formed the basis of our initial approach to the synthesis of enantiopure aphid 
insect pigment derivatives, quinone A 10, quinone A' 11 and quinone pm 13.   
 
O
O
O
OH
HO
OH
O
OMe
TsO
OR
RO
OH
O
O
OR
RO
TsO
OMe
O
OH
OEt
OR OMe
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O
O
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10 230
231 105
232 104
+
Scheme 66  
 
Retrosynthetically, quinone A 10 would be accessible via oxidation and deprotection of 
naphthopyran  230.
18    Following  the  success  of  the  isomerisations  of  the  model    
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phenyldioxolanes to benzopyrans discussed in Chapter 1, the pyran ring of 230 could be 
introduced  by isomerisation  of the  dioxolane  231  with  titanium  tetrachloride.    An  acid 
catalyst could, in theory, be employed to cyclise the adduct 105 to the dioxolane 231.  The 
adduct  105  itself  could  be  obtained  through  a  titanium  tetraisopropoxide promoted 
arylation of the aldehyde 104.  Similarly, quinone A' 11 could be obtained from the benzyl 
epimeric  adduct  106,  which  could,  in  turn,  be  obtained  by  the  arylation  of  the  same 
aldehyde with the complementary magnesium naphtholate 233. 
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Scheme 67  
 
Likewise, quinone pm 13 could be obtained from the enantiomeric adduct 234, derived in 
turn from (S) lactate 108 and the same bromomagnesium naphtholate 233. 
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O
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Scheme 68  
The differential formation of the two quinones 11 and 13 from the enantiomeric adducts 
106 and 234 would depend on the ability to control the C 1 stereochemistry in the derived    
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naphthopyrans, for which the Giles group has established a precedent
57,65 through control of 
the reaction temperature. 
 
The  substituted  naphthol  103  may  be  built  up  from  a  Diels Alder  reaction  between  a 
benzyne 235 and 2 methoxyfuran 236, a reaction type previously pioneered by Giles and 
colleagues.
89 
 
 
 
The chiral aldehyde 105 can be obtained by adopting Swern methodology to oxidize the 
alcohol 237.  This alcohol 237 is available in two simple steps from methyl (R) lactate 84.  
Therefore the absolute stereochemistries of these enantiopure quinones A 10, A' 11 and –
pm 13 would be derived from lactate from the chiral pool, commercially available in either 
the (R)  or the (S) forms.  Ethoxyethyl protection of lactate was specifically chosen since 
the methine carbon and the attached methyl would become C 1 of the naphthopyran ring 
and its pendant methyl group.  The retrosynthetic analysis for the aldehyde is shown in 
Scheme 70. 
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O
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Scheme 70  
 
4.2  Preparation of the Chiral Aldehyde 108 
The synthesis of an appropriate chiral aldehyde was our initial objective.  It was decided to 
use the (S) enantiomer 108 as a model for it was less expensive and more readily available.  
The  synthesis  of  the  (S) enantiomer  92  had  been  previously  reported  in  a  short 
communication without any experimental details.
55  It was therefore necessary to establish 
the optimum conditions for each of the steps involved. 
 
The 1 ethoxyethyl ether 240 of ethyl (S) lactate 239, was prepared by treatment of 239 with 
a catalytic amount of pyridinium p toluenesulfonate (PPTS) and two molar equivalents of 
ethyl vinyl ether.  The reaction was carried out at room temperature and was found to go in 
a yield of 94% in less than half an hour, affording the product which could be used in the 
next  step  without  purification.    This  represented  an  impressive  improvement  in  both 
reaction time and yield for the synthesis of 240.  The previously reported method had used 
a longer reaction time of seventeen hours and afforded a yield of  only 69%,
40 from which 
the product had to be purified chromatographically. 
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EtO2C
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The  previously  reported  method  for  obtaining  108  in  which  experimental  details  were 
provided  involved  direct  reduction  of  240  with  diisobutylaluminium  hydride.
40    This 
yielded not only the aldehyde 108 as a mixture of C 1' diastereomers, but also some of the 
diastereomeric alcohols 241, with the mixture of products proving inseparable even after 
distillation. 
 
With  the  protected  1 ethoxyethyl  ether  240  in  hand,  the  ester  moiety  of  the  molecule 
required reduction to the corresponding alcohol.  Treatment of 240 with lithium aluminium 
hydride afforded the alcohol 241 as a mixture of C 1' diastereomers in an excellent yield of 
92%.    The 
1H  NMR  spectrum of  the product  showed  that  it  was  pure,  thus  making  it 
unnecessary to chromatograph 241.   
 
Swern oxidation
38 of 241 provided the valuable chiral aldehyde 108.  The reaction itself 
proved  to  be  extremely  temperature  sensitive,  and  as  such,  required  careful  attention.  
Oxalyl chloride and dry dichloromethane were cooled to  78 ºC, followed by the addition 
of dimethyl sulfoxide dropwise, such that the internal temperature did not exceed  60 ºC.  
The subsequent additions of 241 and triethylamine also required the strict condition of the 
internal temperature remaining below  60 ºC at all times.  Several attempts at this particular 
reaction failed due to addition of the reagents too quickly and the consequential rise in    
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temperature.  In the end, this reaction proved to be very successful with 241 being oxidized 
to the chiral aldehyde 108 as a mixture of C 1' diastereomers in 98% yield.  The 
1H NMR 
spectrum  once  again  showed  the  product  mixture  to  be  pure,  and  as  such,  neither 
chromatography nor distillation were necessary. 
 
Our  initial  objective  of  preparing  a  suitable  chiral  aldehyde  was  therefore  achieved 
successfully,  along  with  some  significant  improvements  to  both  the  methodology  and 
yields of its synthesis.    
    
4.3  Synthesis of 5,7-Dibenzyloxy-4-methoxynaphthalene-1-ol 242 
With the synthesis of the chiral aldehyde 108 in hand, attention turned to the preparation of 
an appropriately substituted naphthol 104. 
   
7
5
OR
RO
OMe
OH
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OBn
BnO
OMe
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242  
 
This  was  required  for  the  diastereoselective  arylation  of  chiral  aldehyde  108,  to  be 
discussed in the following section.  It was important that the protecting groups at O 5 and 
O 7 allow these oxygens to be electron donating to encourage the required electrophilic 
substitution.  It was also imperative that these protecting groups could be removed readily.     
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Benzyl  protection  was  therefore  chosen  since  simple  hydrogenation  could  cleave  the 
protecting groups, resulting in the required hydroxyl groups at C 5 and C 7.  
 
It was recognized that the two oxygens associated with the pyran ring were also “benzylic”.  
It  was  anticipated  that  the  first  reduction  to  occur  would  be  of  the  quinone  to  the 
hydroquinone.  It was reasonably assumed that the required debenzylation of the aromatic 
oxygens would occur preferentially as the derived naphtholates were both “leaving groups” 
stabilized  by  the  aromatic  rings.    This  was  supported,  first,  by  the  successful 
hydrogenolysis of the biaryl bonds of the protoaphins –fb 6,  sl 7 and –pm 9 to afford the 
corresponding quinones 10, 11 and 13.
8,10  Secondly, earlier work in the Giles group led to 
the formation  of  quinone A'  11  through hydrogenolysis  of the  7 O benzyl  ether  243.
31  
Finally,  in  the  syntheses  of  all  the  enantiopure  naphthopyranquinones,  benzyl 
hydrogenolyses of such ethers had been highly successful on 4 hydroxybenzopyrans.
10 
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With the specific protecting groups of 104 chosen, shown in compound 242, it remained to 
establish how the naphthol would be prepared.  In an earlier study, Giles, Hughes and 
Sargent
89  discovered  that  cycloaddition  reactions  of  methoxydehydrobenzenes  (ie., 
methoxybenzynes)  containing  a  3 methoxy  substituent  and  2 methoxyfuran  are  highly 
regioselective.    Superficially,  the  3 methoxy  group  induces  polarization  in  the    
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dehydrobenzene, which is reinforced by the electron donating properties of the 2 methoxy 
group in the furan.  The end result is a highly regioselective reaction.
89 
 
Specifically, as detailed in Scheme 71, 3,5 dimethoxydehydrobenzene 245 was prepared 
from the bromotosylate 244, and it was treated in situ with 2 methoxyfuran 236 to give, 
after acid induced ring opening, the cycloadducts 246 and 247 in yields of 70% and 7% 
respectively.  We also required the particular naphthol 246 for experimental work, and so 
this work was repeated and is described briefly in the Section 4.5 to follow. 
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With  this  knowledge  it  was  decided  that  the  bromo tosylate  249  should  provide  3,5 
dibenzyloxydehydrobenzene 248, which was essential for the preparation of the naphthol 
242.     
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Commercially  available  phloroglucinol  250  was  the  chosen  starting  material  for  this 
sequence of reactions.  Partial alkylations are known to be nonselective, with the isolation 
of pure products tedious and often accompanied by losses of material.  With this in mind, it 
was  decided  that  all  three  hydroxyl  groups  would  be  protected,  with  the  product 
subsequently  being  subjected  to  partial  hydrolysis.    Phloroglucinol  250  was  therefore 
treated  with  potassium  carbonate  and  p toluenesulfonyl  chloride  in  acetone,  affording 
compound 251 in 91% yield.   
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The next challenge was to achieve partial hydrolysis of the tritoluenesufonate 251.  This 
would  require  removal  of  just  two  of  the  three  hydroxyl  groups.    The  partial    base 
hydrolysis of phloroglucinol triarylsulfonates was investigated by Kampouris and found to 
be an efficient process.
90,91  It seems the acidity of the phenol liberated is increased by the 
presence  of  electron withdrawing  groups  on  the  benzene  ring,  and  the  creation  of    
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phenoxides in basic media thus assures large rate differences in the heterolysis of the three 
sulfonate esters.
90 92  Following on from Kampouris’ work, Bőchi et al.
92 reported on the 
partial base hydrolysis of phloroglucinol tribenzenesulfonate 252 to give 253, as depicted in 
Scheme 74. 
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The  Bőchi  method  was  then  employed  in  attempting  partial  hydrolysis  of 
tritoluenesulphonate  251.    Using  a  water methanol  solution  containing  six  molar 
equivalents  of  potassium  hydroxide,  compound  251  was  converted  to  pholoroglucinol 
monotoluenesulphonate 254 in an excellent yield of 92%.  This provided a simple and very 
efficient  synthesis  of  254  starting  from  the  commercially  and  readily  available 
phloroglucinol 250.   
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Benzylation of compound 254 provided the required benzyl protection.  This was achieved 
in 84% yield using benzyl bromide and potassium carbonate, to give 255.  Subsequent 
bromination of compound 255 afforded the bromotosylate 249 cleanly in 81% yield.  
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The Diels Alder methodology of Giles and co workers
89 was now used.  The bromotosylate 
249  in  dry  tetrahydrofuran  was  treated  with  n butyl  lithium  at   78  °C  to  form  the 
dibenzyloxydehydrobenzene 248 which underwent cycloaddtion with 2 methoxyfuran 236.  
Acid work up of the reaction afforded the relatively unstable naphthol  242, which was 
immediately acetylated to provide the more stable acetate 256 in 66% overall yield based 
on the bromotosylate 249.  Acetylation of the naphthol 242 was necessary for it allowed the 
stockpile of generous quantities of the compound for further reaction without the problem 
of decomposition of the intermediate napthol 242.      
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It  is  noteworthy  that,  for  the  alternative  dimethoxydehydrobenzene  245,  both 
trimethoxynaphthol regioisomers (i.e.246 and 247) were formed,
89 whereas, in the case of 
the dibenzyloxydehydrobenzene 248, only the required regioisomer 242 was formed. 
 
With the synthesis of both the chiral aldehyde 108 and the naphthol 242 achieved, attention 
turned towards the regioselective addition of these two reagents. 
 
4.4  Diastereoselective Arylation of Chiral Aldehyde 108 By Metal 
Phenolates of Compound 242 
Stereoselective C C bond formation using organotitanium chemistry has become a well 
established technique in synthetic organic chemistry.  Through the work of Reetz and his 
colleagues, the hypotheses were developed that titanation of classical carbanions increases    
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the chemo , regio  and stereo selectivity in their reactions with electrophiles (e.g., carbonyl 
compounds), and that the type of bond involved is based on traditional carbanion chemistry 
rather than on typical transition metal behaviour.
93,94   
 
The  C arylation  of  some  chiral  carbonyl  compounds  using  titanium  phenolates  was 
investigated by a group of Italian workers led by Casiraghi, Cornia and Bigi.  They reported 
that complementary diastereoselectivity in the C arylation of the two enantiomers of 2,3 O 
isopropylideneglyceraldehyde  using  titanium  and  magnesium  phenolates  allows  the 
preparation of all four stereoisomers of 1 (2' hydroxyaryl) 2,3 O isopropylideneglycerol,
41 
since  both  enantiomers  of  the  aldehyde  are  available.    The  titanium  phenolates  were 
observed  to  provide  the  products  of  anti  addition  whereas  the  alternative  magnesium 
phenolates resulted in the syn addition mode.  Their results are depicted in Scheme 78 for 
isopropylidene (R) glyceraldehyde.  The remaining two enantiomers would be available 
from the corresponding (S) enantiomer.     
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Our strategy was to use this methodology with the metal phenolates of naphthol 242 to 
achieve diastereoselective arylation of our chiral α alkoxyaldehyde 108.  This had already 
been achieved in the Giles research group for the corresponding trimethoxynaphthol 246 
and its 7 benzyloxy analogue.
40   
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The  acetate  256  was  converted  into  the  naphthol  242  by  lithium  aluminium  hydride 
reduction in a simple high yielding reaction.  Titanium tetraisopropoxide was added to a 
solution of the naphthol 242 in dry toluene under an atmosphere of nitrogen, to produce the 
titanium  phenolate  262  and  2 propanol  (which  was  then  removed  by  azeotropic 
distillation).  The aldehyde 108 was added and ultrasonic irradiation applied to the reaction 
mixture.
40,42  Efforts to chromatograph this crude reaction mixture proved difficult, with 
decomposition on the column leading to the loss of a substantial amount of material.  It was 
therefore  decided  to  try  to  cyclise,  and  subsequently  protect,  the  adduct  263  to  the 
corresponding dioxolane without prior purification.  Thus the crude reaction mixture of 263 
was immediately dissolved in dichloromethane and treated with 10 camphorsulfonic acid 
and 1,1 dimethoxyethane.  The free phenolic hydroxyl group was immediately protected as    
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the tosylate 264.  This  was achieved by the addition of p toluenesulfonyl chloride and 
potassium carbonate to the crude mixture. 
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The tosylated product 264 was much more stable to chromatography and so it was possible 
to isolate it successfully, as a single diastereoisomer.  This was entirely consistent with 
earlier results in the Giles research group
54,57,65,66 that erythro 1,2 diols afforded solely the 
all cis dioxolanes,  whereas  the  corresponding  threo diols  afforded  a  mixture  of  C 2 
epimeric dioxolanes.   
 
The presence of only three aromatic protons in the 
1H NMR spectrum of compound 264 
immediately  indicated  that  arylation  had  occurred.    The  signals  for  6 H  and  8 H  were 
evident as meta coupled doublets at δ 6.61 and δ 6.63.  The third aromatic proton appeared 
as a singlet at δ 6.87 and was thus attributed to 3 H.  Three heterocyclic methine protons 
were observed as a doublet of quartets at δ 4.48 (J 7.3 and 6.4 Hz), a quartet at δ 5.18 (J 4.8 
Hz) and a doublet at δ 5.61 (J 7.3 Hz) corresponding to the protons 5' H, 2' H and 4' H 
respectively.  Two methyl signals were also evident, both as doublets, at δ 1.01 (J 6.4 Hz) 
and at δ 1.59 (J 4.8 Hz), corresponding to 5' CH3 and 2' CH3 respectively.  The presence of    
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the p toluenesulfonyl protecting group was confirmed by the appearance of a methyl signal 
at δ 2.36, together with a pair of two proton multiplets at δ 7.56 and δ 7.87, corresponding 
to the AA'BB' pattern of the aromatic protons.   
 
With the all cis dioxolane 264 in hand, it now remained to see if it could be isomerized to 
the  corresponding  naphthopyran  265.    The  dioxolane  264  was  treated  with  two  molar 
equivalents  of  titanium  tetrachloride  at   78  ºC.    Upon  completion  of  the  reaction  and 
subsequent chromatography, only starting material and a small amount of the erythro diol 
266 were recovered, together with products of decomposition. 
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The  relative  stereochemistry  of  the  erythro diol  266  was  confirmed  by  its 
1H  NMR 
spectrum.  Benzylic methine protons for erythro diols display chemical shifts which are 
typically  downfield  from  those  of  the  corresponding  threo epimers.    Furthermore,  the 
vicinal  coupling  constant  between  the  benzylic  proton  and  its  neighbour  are 
characteristically smaller for the erythro compounds than for their threo epimers.
42,66,68  A 
doublet  integrating  for  one  proton  was  observed  at  δ  5.16  (J  2.4  Hz).    This  coupling 
constant  between  the  vicinal  protons  of  2.4  Hz  was  consistent  with  the  erythro    
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stereochemistry.  The vicinal 2' H proton resonated as a doublet of a doublet of quartets at δ 
4.23 (J 2.9, 2.4 and 6.3 Hz).  A broad singlet at δ 1.96 and a doublet at δ 2.86 (J 2.9 Hz), 
both integrating for one proton, implied the presence of two hydroxylic protons.  The p 
toluenesulfonyl protection was confirmed by the presence of a methyl signal at δ 2.36 and a 
pair of multiplets at δ 7.56 and δ 7.82 with an AA'BB' pattern. 
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The  titanium  tetrachloride  reaction  was  repeated,  this  time  at  the  slightly  higher 
temperature  of   60  ºC,  but  again  only  starting  material  264  and  erythro diol  266  were 
recovered from the reaction mixture after chromatography. 
 
Attention  then  turned  to  making  the  alternative  syn  addition  product  267,  which  was 
achieved by changing the naphtholate metal counterion to magnesium through addition of 
isopropylmagnesium chloride to the naphthol 242 in tetrahydrofuran.    
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Attempts  to  chromatograph  the  adduct  267  were  met  with  the  same  difficulties  as 
previously described for 263.  Thus, crude 267 was cyclised using 1,1 dimethoxyethane 
and 10 camphorsulfonic acid, then subsequently protected with p toluenesulfonyl chloride 
to afford an inseparable 55:45 mixture of compounds 268 and 269.  
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As already stated the production of a C 2 epimeric mixture of dioxolanes from threo diols 
is entirely consistent with previous Giles group research.
54,57,65,66  In order to assist with the 
assignment of individual structures for the two new dioxolanes, a comparison was made of 
the 
1H  NMR  spectra  of  these  with  the  spectra  obtained  from  a  significant  number  of 
dioxolanes prepared in the Giles research group.  These are shown in table 1, Chapter 3. 
 
The assigned structures were again supported by the presence of only three aromatic signals 
in the 
1H NMR spectrum for each compound.  Compound 268 displayed two meta coupled 
signals at δ 6.74 and δ 6.82 corresponding to 6 H and 8 H respectively, along with a singlet 
at δ 6.80 for 3 H.  Similarly, compound 269 showed two meta coupled signals for 6 H and 
8 H at δ 6.61 and δ 6.77 respectively, as well as a singlet at δ 6.89 for 3 H.  The dioxolane 
ring for 268 was inferred by the observation of three heterocyclic methine protons.  These 
were seen as a doublet of quartets at δ 3.85 (J 7.7 and 6.1 Hz), a doublet at δ 4.88 (J 7.7 Hz)    
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and  a  quartet  at  δ  5.47  (J  4.8  Hz)  corresponding  to  the  protons  5' H,  4' H  and  2' H 
respectively.  The corresponding heterocyclic methine protons for 269 were observed as a 
doublet of quartets at δ 4.12 (J 5.7 and 6.4 Hz), a doublet at δ 5.08 (J 5.7 Hz) and a quartet 
at  δ  5.32  (J  4.8  Hz).    The  tosylate  protection  was  confirmed  by  the  presence  of  two 
multiplets at δ 7.55 and δ 7.84 corresponding to the AA'BB' pattern of the aromatic protons, 
along with an extra methyl signal at δ 2.37, all of which were identical for both 268 and 
269.  The C 5 and C 2 methyl groups were observed as doublets at δ 1.32 and δ 1.44 
respectively for dioxolane 268, while the C 5 and C 2 methyl groups resonated as doublets 
at δ 1.35 and δ 1.54 respectively for dioxolane 269. 
 
Isomerisation was then attempted by treating the mixture of dioxolanes 268 and 269 with 
titanium tetrachloride in exactly the same manner as for dioxolane 264.  Again, there was 
no  naphthopyran  270  produced,  with  starting  material  and  the  threo diol  271  being 
recovered  after  chromatography  of  the  reaction  mixture,  together  with,  once  again, 
significant quantities of decomposition products. 
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The relative stereochemistry of the threo diol 271 was confirmed by its 
1H NMR spectrum.  
A doublet integrating for one proton was observed at δ 4.99 (J 7.9 Hz).  The relatively large    
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coupling constant between the vicinal protons and the higher field chemical shift were 
consistent with the threo stereochemistry,
54,57,65  the corresponding values for the erythro 
diastereomer 266 were δ 5.16 (J 2.4 Hz).  The vicinal 2' H proton resonated as a doublet of 
quartets at δ 4.25 (J 7.9 and 6.3 Hz).  The appearance of a broad singlet at δ 3.15 (typical of 
hydroxyl  signals)  and  a  single  methyl  doublet  resonating  upfield  at  δ  0.98  (J  6.3  Hz) 
provided further support for the structure and stereochemistry of diol 271. 
. 
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In the current work already described in this chapter, benzyl protection was used for the 
phenolic  oxygens.    The  use  of  such  benzyl  protection  in  previous  research  on  the 
isomerisation of dioxolanes to benzopyrans had met with variable success.  As discussed in 
Chapter  2,  the  meta benzyloxyphenyldioxolane  156  had  afforded  a  good  yield  of  the 
mixture of benzopyrans 157 and 158.
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On the other hand, dioxolane 159 underwent debenzylation and dioxolane isomerisation to 
give 160 and 161 without rearrangement, the latter showing dioxolane ring opening without 
benzopyran formation.
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Furthermore, no product could be isolated from the attempted isomerisation of 162. 
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In each of the attempted isomerisations of naphthyldioxolanes described in this chapter 
significant decomposition was observed.  This may arise from the instability of the benzyl 
protecting group, or for example, solubility at the low temperatures of reaction.  It was 
therefore decided to replace the benzyl groups with methyl groups which would be stable 
under the reaction conditions.    
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4.5  Synthesis of 4,5,7-Trimethoxynaphthalene-1-ol 246 
As previously mentioned in section 4.3 and illustrated by Scheme 71, Giles, Hughes and 
Sargent
89 reported on the synthesis of naphthol 246 from the bromotosylate 244.  Following 
the same procedure the commercially available 3,5 dimethoxyphenol 272 was treated with 
p toluenesulfonyl  chloride  and  potassium  carbonate  to  produce  the  tosylate  273.  
Subsequent bromination of 273 afforded the required bromotosylate 244.   
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As detailed by Scheme 71, the bromotosylate was converted into the naphthols 246 and 
247.    These  naphthols  were  unstable  over  time  and  to  avoid  decomposition  were 
immediately protected as their respective acetates 274 and 275.  The acetate 274 was then 
quite stable and was only reconverted into the naphthol 246 (by reduction with lithium 
aluminium hydride) immediately prior to its use in the subsequent reaction. 
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4.6  Allylation  Route  as  an  Alternative  to  Diastereoselective 
Arylation of Chiral Aldehydes 
At  this  point  in  time  it  was  decided  to  explore  the  possibility  of  making  the 
naphthyldioxolanes via allylation of the naphthol 246 as it would allow a comparison of the  
yields of the diastereoselective arylation of aldehyde 108 with an alternative route.  The 
allylation  reaction  sequence  would  furnish  racemic material,  but if  the  model  reactions 
proved to be successful then the Sharpless methodology of asymmetric dihydroxylation
59,60 
could be employed to provide the required enantiopure material.  The use by the Giles 
research  group  of  this  Sharpless  methodology  for  the  assembly  of  enantiopure 
phenyldioxolanes has already been described in the first chapter.  
 
The naphthol 246 was freshly prepared from the acetate 274 via reduction with lithium 
aluminium hydride.  The hydroxyl group in compound 246 was allylated with allyl bromide 
and potassium carbonate to give compound 276 in good yield.  The presence of the allyl 
group was confirmed by the 
1H NMR spectrum.  The methylene protons were observed as a 
two proton doublet of doublet of doublets at δ 4.66 and displayed coupling to the vicinal 
methine proton (J 5.1 Hz) as well as long range coupling to the pair of vinyl methylene 
protons (J 1.4 Hz and 1.6 Hz).  The vinyl methylene protons were seen as two separate 
doublet of doublets at δ 5.31 (J 10.5 and 1.4 Hz) and δ 5.49 (J 17.3 and 1.6 Hz).  The 
proton 2' H gave a doublet of doublet of triplets at δ 6.17 (J 17.3, 10.5 and 5.1 Hz).    
 
The succeeding step called upon Claisen rearrangement of the allylated compound 276. 
This particular reaction involved the allyl group migrating from oxygen to the ring carbon    
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ortho to it.  Initially this was achieved by heating 276 in dimethylformamide to 190 ºC and 
stirring for 2 hours.  The use of the Lewis acid promoter dimethylaluminium chloride for 
Claisen rearrangement was alternatively investigated and found to be even more successful 
than the thermal method.  The Lewis acid consistently afforded the rearranged material 277 
in  an  almost  quantitative  yield  of  97%  and  had  the distinct  advantage  of  much  milder 
conditions, with the reaction performed at room temperature. 
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The success of the Claisen rearrangement was inferred by the decrease in the number of 
aromatic signals in the 
1H NMR spectrum from four to three. The 3 H which was originally 
seen as an ortho coupled doublet in the 
1H NMR spectrum of naphthol 276 was now seen 
as  a  singlet  at  δ  6.48.    The  6 H  and  8 H  aromatic  protons  resonated  as  meta coupled 
doublets (J 2.4 Hz) at δ 6.51 and δ 7.08 respectively.  An upfield shift was also observed 
for the 1' H methylene signal from δ 4.66 to δ 3.50, as it had moved from the oxygen atom 
to the carbon of the aromatic ring. 
 
With compound 277 in hand, options were considered for protecting the hydroxyl group, 
which would indeed require protection in the following reactions.  Kraus and colleagues
95    
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reported on the triflate as a meta directing group, outlining that it is stable under several 
reaction conditions and is easily removed by treatment with lithium aluminium hydride.  
Triflate protection would offer several advantages in the present study.  First, it could be 
easily introduced  by  treatment  of the  naphthol 277  with  triflic  anhydride  and  pyridine.  
Secondly  it  would  satisfy  the  requirement  that  the  protecting  group  be  electron 
withdrawing.  This is important since previous research in the Giles group had shown that 
O methyl protection ortho  to the dioxolane ring enabled its alternative unwanted cleavage 
of the C 4/O 3 bond to give a mixture of two benzyl epimeric chlorohydrins 280, as shown 
in Scheme 87.
65  This unwanted reaction is prevented by tosyl protection in which the 
aromatic  oxygen  electrons  are  significantly  or  even  preferentially  delocalized  over  the 
adjacent sulfonyl groups to prevent this unwanted cleavage.
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Finally its meta directing ability could aid in the eventual titanium tetrachloride induced 
isomerisation  step  in  which  the  intermediate  oxonium  ion  would  achieve  electrophilic 
substitution meta  to the triflate group as shown in intermediate 282.  Also, this site of 
electrophilic  substitution  would  be  activated  by  the  combined  influence  of  all  three 
methoxy groups, as shown only for the ortho methoxy substituent in structure 282.    
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Thus, the naphthol 277 was treated with triflic anhydride and pyridine, affording the triflate 
284 in excellent yield.   
 
OMe OMe
OH
MeO
277
OMe OMe
OTf
MeO
284
OMe OMe
OTf
MeO
285
pyridine
Tf2O PdCl2(MeCN)2
Scheme 89  
 
The 
1H NMR and infrared spectra both lost the signals corresponding to the hydroxyl group 
in 277, suggesting that the triflate group had been successfully attached.  Additionally the 
mass  spectrum  confirmed  that  the  elemental  composition  was  indeed  C17H17F3O6S,  the 
molecular formula for compound 284.   
 
Conjugation of the double bond in the allyl side chain would provide the key intermediate 
(E) alkene 285.  This was attempted by treating 284 in chloroform with a catalytic amount 
of  bis(acetonitrile)dichloropalladium(II).    The  reaction,  however,  did  not  proceed  as    
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smoothly as anticipated.  Chromatography of the reaction mixture afforded some of the 
required 285 as well as a significant amount of starting material.  To add to this, some of 
the starting material had undergone decomposition.  In an attempt to improve the yield, the 
reaction was repeated and heated under reflux.  This temperature increase resulted in more 
decomposition, giving larger amounts of unwanted baseline material.  
 
The structure of compound 285 was confirmed by the 
1H NMR spectrum, which showed 
the 1' H vinylic proton as a doublet of quartets at δ 6.73 (J 15.7 and 1.7 Hz) and the other 
vinylic  2' H  proton  as  a  doublet  of  quartets  at  δ  6.40  (J  15.7  and  6.6  Hz).    The  (E)  
stereochemistry about the double bond was inferred from the large coupling constant of 
15.7 Hz between the 1' H and 2' H protons.  This is typical of vinylic protons positioned 
trans  to  each  other.    Conjugation  of  the  double  bond  was  further  supported  by  the 
appearance of a doublet of doublets at δ 1.98 (J 6.6 and 1.7 Hz) corresponding to the new 
methyl group. 
 
Enough of the (E) alkene 285 was produced to warrant continuing with the sequence and so 
it  was  treated  with  N methylmorpholine  N oxide  and  a  catalytic  amount  of  osmium 
tetroxide to give the threo diol 286 in 68% yield.  As mentioned previously, threo diols 
characteristically exhibit a larger coupling constant (J 7 9 Hz) between the benzylic proton 
and its neighbour, in comparison to erythro diols (J 4 5 Hz).
42,66,68  The doublet for 1' H at 
δ 4.91 (J 7.3 Hz) thus supported the threo stereochemistry, although the erythro epimer 
was not available for direct comparison  These were also consistent with those found (δ 
4.99 and J 7.9 Hz) for the threo diol 271.       
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Attempts  were  then  made  to  cyclise  the  threo diol  286  to  the  corresponding  C 2' 
diastereomeric  mixture  of  dioxolanes  287  by  the  usual  method  of  treatment  with  10 
camphorsulfonic acid and 1,1 dimethoxyethane in dichloromethane.  The reaction mixture 
was stirred at room temperature, as well as under reflux.  Neither of the reaction conditions 
led to the formation of the desired dioxolanes, affording mainly baseline decomposition 
material.  The inability to easily obtain the triflate protected dioxolanes and the difficulties 
encountered in the palladium catalysed conjugation reaction of 284 made it impractical to 
continue  with  the  triflate  protection.    Thus,  it  was  decided  to  return  to  the  use  of  the 
toluenesulfonyl protecting group. 
 
The naphthol 277 was smoothly converted into the the tosylate 288 by treatment with p 
toluenesulfonyl  chloride  and  potassium  carbonate.    Successful  addition  of  the 
toluenesulfonyl group was substantiated by the appearance of a pair of multiplets at δ 7.33 
and δ 7.85 corresponding  to the AA'BB' pattern of its aromatic protons.  An additional 
methyl group at δ 2.45 was also apparent. 
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Conjugation  of  the  double  bond  in  288  was  brought  about  by  treatment  with 
bis(acetonitrile)dichloropalladium(ІІ) in chloroform and heating under reflux for six hours.  
The reaction afforded the (E) alkene 289 in the very good yield of 83%.  The 
1H NMR 
spectrum showed the 1' H vinylic proton as a doublet of quartets at δ 6.39 (J 15.7 and 0.9 
Hz) and the 2' H vinylic proton as a doublet of quartets at δ 6.20 (J 15.7 and 6.4 Hz).  The 
trans orientation of the 1' H and 2' H protons was supported by the large coupling of 15.7 
Hz between the two.  A signal resonating as a doublet of doublets (J 6.4 and 0.9 Hz) at δ 
1.73 confirmed the presence of the new methyl group.  
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Dihydroxylation of the (E) alkene 289 was carried out using a catalytic amount of osmium 
tetroxide and N methylmorpholine N oxide.  The reaction mixture was chromatographed to 
afford the threo diol 290 in a yield of 79%.  The 1' H proton appeared as a doublet of 
doublets at δ 4.95 (J 7.9 and 3.4 Hz) and the 2' H proton as a doublet of doublet of quartets 
at δ 4.04 (J 7.9, 2.1 and 6.3 Hz).  The coupling constant of 7.9 Hz between 1' H and 2' H is    
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consistent with a threo diol.
54,57,65  A doublet at δ 2.87 (J 2.1 Hz) and another at δ 3.09 (J 
3.4 Hz) were attributed to the two new hydroxyl groups. 
 
Formation of the corresponding dioxolanes was the next task.  This was undertaken in the 
familiar way by adding 1,1 dimethoxyethane and 10 camphorsulfonic acid to the threo diol 
189.  After stirring for only one hour at room temperature, the reaction reached completion.  
Upon work up and subsequent chromatography, an inseparable mixture of C 2 epimeric 
dioxolanes  291  and  292  (in  an  approximate  ratio  of  4:1  respectively)  was  afforded  in 
excellent yield. 
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Individual  assignments  for  each  of  these  dioxolanes  were  made  tentatively  through 
comparison  of  the  chemical  shifts  and  coupling  constants  obtained  from  the 
1H  NMR 
spectra of several other dioxolane compounds, as detailed in Table 1, Chapter 3. 
 
With the  mixture of dioxolanes 291 and 292 now characterized it remained to  attempt 
isomerisation of the mixture to the corresponding naphthopyran mxture.  To this end, the 
mixture  of  291  and  292  was  allowed  to  react  with  two  molar  equivalents  of  titanium    
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tetrachloride in dichloromethane at – 78 ºC.  The result mirrored that of the previous case 
shown in Scheme 83, with starting material and the threo diol 290 being recovered after 
careful chromatography.  The reaction was repeated at the higher temperature of –60 ºC, 
only to give almost identical results, with no sign of any naphthopyran compounds. 
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4.7  Diastereoselective Arylation of Chiral Aldehyde 108 By Metal 
Phenolates of Compound 246 
In order to complete the investigation of this intermolecular approach, it was decided to 
attempt the isomerisation once more, this time on the all cis dioxolane 295.  Initial attempts 
to epoxidise the (E) alkene 289 with m chloroperbenzoic acid led to a mixture from which 
none of the required epoxide was isolated.  Previous research in the Giles group has shown 
that  the  more  electron rich  dimethoxy substituted  aromatic  ring  in  a  related  substrate 
undergoes oxidation to the ortho  and para quinones as two of the products.
66  Alternative, 
longer routes to the epoxide were not considered viable in comparison with the brevity of 
our recently established diastereoselective arylation of chiral aldehyde 108, this time by the 
titanium phenolate of naphthol 246, namely compound 293.      
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The  reaction  depicted  in  Scheme  94  had  previously  been  carried  out  by  Giles  and 
colleagues
40 and so it was followed precisely as reported.  The adduct mixture 294 was not 
particularly stable, and so the crude mixture of 294 was carried forward to the protected 
dioxolane  295,  using  1,1 dimethoxyethane  and  10 camphorsulfonic  acid,  followed  by 
tosylation of the derived naphthol. 
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The reaction mixture was chromatographed to afford the tosylated all cis dioxolane 295 as 
a single dioxolane diastereoisomer in a yield of 26% over the three steps from the naphthol 
246.  This represents an average of approximately 65% yield for each step and provided an 
extremely  short,  convergent  synthesis  of  this  derived  dioxolane  from  readily  available 
starting materials.  Successful arylation was implied by the presence of only three aromatic    
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protons in the 
1H NMR spectrum.  Two meta coupled doublets at δ 6.44 and δ 6.53 were 
attributed to 6 H and 8 H respectively, with the 3 H aromatic proton resonating as a singlet 
at  δ  6.84.    Three  heterocyclic  methine  protons  arising  from  the  dioxolane  ring  were 
observed as a doublet of quartets at δ 4.44 (J 7.3 and 6.4 Hz), a quartet at δ 5.16 (J 4.8 Hz) 
and  a  doublet  at  δ  5.56  (J  7.3  Hz)  corresponding  to  the  protons  5' H,  2' H  and  4' H 
respectively.  The methyl groups attached to C 5 and C 2 of the dioxolane ring were seen 
as doublets at δ 0.99 (J 6.4 Hz) and δ 1.57 (J 4.8 Hz), respectively.  Tosyl protection was 
supported by a pair of multiplets at δ 7.33 and δ 7.85 corresponding to the AA'BB' pattern 
of its aromatic protons. 
  
It  remained  to  see  if  the  all cis  dioxolane  295  would  isomerise  to  the  corresponding 
naphthopyran.    Thus,  titanium  tetrachloride  was  added  to  compound  295  in 
dichloromethane at  65 ºC.  Thin layer chromatography revealed three distinct components 
in the reaction mixture with Rf values of 0.52, 0.21 and 0.07.  This differed  from our 
previous  isomerisation  attempts  on  naphthalene  dioxolanes  where  only  two  spots, 
corresponding to starting material and diol, were evident.  
 
Chromatography was employed to separate the three compounds.  The first product at Rf 
0.52 was recovered starting material 295 (30%).  The following fraction at Rf 0.21 was 
shown to be a naphthopyran or a naphthofuran 296 from its 
1H NMR spectrum discussed 
below.  The component of lowest Rf was identified as the erythro diol 297 (11% based on 
consumed starting material). 
.    
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The 
1H NMR spectrum confirmed the relative stereochemistry of the erythro diol 297.  The 
methine proton 1' H at δ 5.11 was coupled to the neighbouring 2' H proton at δ 4.21 by 5.5 
Hz.  A comparison of both the chemical shift of this benzylic proton and the associated 
vicinal coupling constant (δ 5.11 and J 5.5 Hz) relative to those for the diastereomeric 
threo diol 290 (δ 4.95 and 7.9 Hz) confirmed the relative stereochemistries of the diols 297 
and 290, for which the chemical shift for the erythro isomer is more deshielded and the 
coupling constant smaller.
42,66,68 
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The 
1H NMR spectrum of the new compound 296 showed the loss of both an aromatic 
signal  in  the  starting material 295  as  well  as  those  signals  for  the  tosyl  group.    Three 
heterocyclic methine protons were observed as a doublet of quartets at δ 3.61 (J 8.9 and 6.1 
Hz), a doublet of doublet of doublets at δ 4.44 (J 9.6, 8.9 and 1.5 Hz) and a doublet of 
quartets at δ 6.12 (J 1.5 and 6.1 Hz).  The hydroxyl proton appeared as a doublet (J 9.6 Hz) 
at δ 1.64.  
 
The  Giles  research  group  had  reported,
57  in  1996,  the  isomerisation  of  the  meta 
dimethoxyphenyldioxolane 298 into the mixture of C 1 epimeric benzopyrans 299 and 300    
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at  78 ºC, while the addition of titanium tetrachloride at  78 ºC followed by immediate 
warming  to  0  ºC  afforded  the  mixture  of  C 1  epimeric  isobenzofurans  301  and  302, 
isomeric with 299 and 300.  Thus, it was  first important to establish whether the new 
product 296 from naphthyldioxolane 295 was a naphthopyran or a naphthofuran. 
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In particular, it was earlier proposed
57 that the initially formed benzopyrans 299 and 300 
were subsequently isomerised to the isobenzofurans at the higher temperature through the 
combined influence of the two methoxy groups. 
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In the present isomerisation of naphthyldioxolane 295, any initially formed naphthopyran 
such as 303 would then be potentially subject to the combined cumulative influence of not 
two,  but  three  methoxy  groups  that  might  jointly  promote  the  related  isomerisation  of 
naphthopyran 303 via the intermediates such as 304 and 305 into the naphthofuran 306. 
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In order to establish the structure of the new product 296 as either a pyran such as 303 or a 
furan  such  as  306,  the  product  was  acetylated  with  an  excess  of  acetic  anhydride  and 
pyridine.   
 
The product that was  formed showed one three proton singlet at  δ 2.17, indicating the 
formation  of  a  monoacetate.    The  signal  at  δ  4.44  in  the  unknown  product  296  had 
undergone a large downfield acylation shift to δ 5.97 and had been transformed from a 
doublet of doublet of doublets in 296 into a doublet of doublets (J 9.0 and 1.5 Hz) in the 
acetate.    This  confirmed  that  the  unknown  product  was  a  naphthopyran  rather  than  a 
naphthofuran where the acylation would have caused a downfield shift of the doublet of 
quartets at δ 3.61 in 296. 
 
The stereochemistry about the naphthopyran ring followed from the 
1H NMR spectrum and 
is shown in the part structure 307. 
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First, the large vicinal coupling constant of 8.9 Hz between 3 H and 4 H indicated their 
nearly trans diaxial arrangement and, therefore, that the C 3 methyl is equatorial and the C 
4 hydroxyl pseudoequatorial.  Secondly, the upfield resonance of the 3 H proton at δ 3.61 
indicated a cis stereochemistry between the C 1 and C 3 methyl groups since these 3 H    
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protons  consistently  appear  in  the  range  δ  3.5  to  δ  3.9  for  1,3 cis dimethylbenzo   and 
naphthopyrans, while for the corresponding trans 1,3 isomers the range is δ 3.9 to δ 4.3.  
Thirdly, the observed homoallylic coupling (J 1.5 Hz) between 1 H and 4 H was consistent 
with each of these protons being pseudoaxial
10,21,82,85,86 and, therefore, both the C 1 methyl 
and the C 4 hydroxyl being pseudoequatorial and, consequently, that the substituents at C 1 
and C 4 are trans  to each other. 
 
At this point high resolution mass spectra became available for both 296 (C18H21ClO5) and 
its  monoacetate  (C20H23ClO6)  and  these  confirmed  that  one  chlorine  atom  had  been 
incorporated  in  place  of  the  original  tosylate.    Initially  the  structure  of  the  rearranged 
product was considered to be 308 and that of its acetate to be 309.  However, although the 
multiplicity  of  the  two  one proton  aromatic  signals  was  not  clear  since  these  were 
originally considered broadened through mutual meta coupling, as meta coupled doublets 
with small J values were expected, the possibility was reconsidered that these were in fact 
singlets.  This would show that each aromatic ring carried one proton and that the product 
would not be 308.   
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In order to determine the correct structure of the rearranged product, a NOESY experiment 
was undertaken.  This was highly informative and led to the complete elucidation of the 
structure  including  stereochemistry  and  conformation  of  the  heterocyclic  ring,  and  the 
assignment as compound 310, and, therefore, its acetate as 311.     
 
 
 
For 310 the highest field signal, a doublet at δ 1.28, was assigned to the C 1 methyl group 
since it correlated with the proton 1 H at δ 6.12.  Since the coupling constants to both the 
methyl groups with their associated heterocyclic protons were fortuitously identical (J 6.1 
Hz) it would not otherwise have been possible to make this assignment correctly, since, in 
virtually all related compounds the C 3 methyl is the highest field doublet.
54,57,65 67  The 
alternative C 3 methyl correlated with both 3 H and 4 H.  A distinct correlation between 3 
H and 1 H confirmed their proximity and, therefore, that the dihydropyran ring adopted the 
anticipated half chair conformation 312 that allowed the three substituents on this ring to be 
equatorial (e) or pseudoequatorial (e') rather than the corresponding axial positions that 
would lead to significant 1,3 diaxial interactions.  This alternative situation would arise 
through conformational inversion of the dihydropyran ring.  This alternative conformation 
could well have been preferred had the steric crowding between the pseudoequatorial C 1 
methyl and the C 10 chlorine atom been sufficient to force this methyl pseudoaxial at the    
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expense  of  the  C 3  methyl  and  C 4  hydroxyl  groups  becoming  axial  and  pseudoaxial 
respectively. 
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A crucial factor in determining the regiochemistry of the cyclisation leading to the product 
310 was the observation of individual correlations between the three methoxy resonances 
and  the  two  aromatic  singlets.    Although  these  methoxy  resonances  had  very  similar 
chemical shifts (δ 3.96, δ 3.97 and δ 4.00), the highest field signal at δ 3.96 correlated 
unambiguously with the aromatic proton at δ 6.94, which was therefore assigned as 5 H.  
The resonance at δ 6.68 was consequently assigned to the remaining aromatic proton 8 H 
and this was independently confirmed by the separate correlations of this proton with the 
two  remaining  methoxy  groups  at  δ  3.97  and  δ  4.00.    An  expansion  of  the  NOESY 
spectrum in this area is included in the appendix of spectra and clearly shows the separate 
signals.    Thus  the  signal  at  δ  3.96  was  assigned  to  the  6 methoxy  group,  while  the 
remaining methoxy groups at δ 3.97 and δ 4.00 could not be distinguished by this method. 
 
Finally, several correlations to 5 H further confirmed the assignment of the structure as 
310.  These showed proximity of 5 H to the neighbouring protons 4 H and 4 OH as well as 
confirming, once again, the proximity of the 6 methoxy group noted above. 
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The only remaining anomaly in the 
1H NMR spectrum of angular naphthopyran 310 that 
deserves mention is the chemical shift (δ 6.12) of the strongly deshielded proton 1 H.  This 
may reflect the close proximity of the adjacent chlorine atom, for which factors such as 
steric compression and chlorine electronegativity are likely contributors.  The Giles group 
has previously published
66 the syntheses of related angular naphthopyrans without C 10 
chlorination where the corresponding chemical shifts are in the range δ 5.2 to δ 5.6. 
 
A further point worthy of note is the stereochemical orientation of the C 1 methyl group 
which is pseudoequatorial.  While the factors determining the C 1 stereochemistry are not 
fully  understood,
65  it  is  known  that,  where  a  single  stereochemistry  is  observed  in 
analogous systems, the substituents at C 1 and C 4 are cis  related, i.e. one is pseudoaxial 
while  the  other  is  pseudoequatorial.
65    This,  however,  is  not  the  case  found  in 
rearrangement product 310, where these groups are both pseudoequatorial.  This indicates 
that either the use of a lower rearrangement temperature would afford the C 1 epimer
65 or 
other factors, discussed below, are operating in this particular rearrangement that require 
the formation of 310 with the C 1 methyl orientation pseudoequatorial. 
 
Thus, all the assembled data provided by  high  resolution mass, standard 
1H NMR and 
NOESY  spectroscopy  allowed  the  unambiguous  assignment  of  structure  310  to  the 
enantiopure product 296 derived through the rearrangement of dioxolane 295.  With the 
structure of compound 296 elucidated, its yield was established as 42%, or 65% based on 
consumed starting material and recovered diol. 
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The assignment of this structure 310 required the formulation of a novel mechanism that 
can  reasonably  be  described  as  remarkable  on  two  counts.    The  first  occurs  with  the 
chlorination of the highly electron rich aromatic ring carrying two methoxy groups.  This 
would  require  the  delivery  of  a  chloronium  ion  Cl
+  whereas  chlorine  in  titanium 
tetrachloride would be anticipated, if ionic, to be deliverable as the anion Cl
 .
65  The second 
point is that tosyloxy was lost in the rearrangement in a step that involved ipso electrophilic 
substitution  by  the  intramolecularly  approaching  oxonium  ion  and  this  would  require 
tosyloxy to be lost as TsO
+, whereas tosyloxy would no doubt require its departure  as 
tosylate, TsO
 . 
 
One reasonable mechanism that would accommodate both these unusual observations as 
well as account for the resulting stereochemistry is as follows.  When initial coordination of 
titanium  tetrachloride  occurs  at  C 3  in  the  naphthyldioxolane  295  (Scheme  100)  the 
derived
57  oxonium  ion  orientates  itself  as  the  incoming  intramolecular  electrophile  to 
receive the electron pair from the methoxy group on the aromatic ring para  to the tosyloxy 
group, as in 313.  In so doing it adopts a conformation in which the developing half chair 
allows the orientation of the incipient C 4 oxygen bearing the titanium complex to become 
(pseudo)axial  at  the  expense  of  the  vicinal  C 3  methyl  group  also  assuming  an  axial 
orientation.
10,67,96,97  Furthermore, the oxonium ion orientates itself so that arylation occurs 
at its Si face.  As a consequence the C 1 methyl in the derived dihydropyran ring of 314 is 
pseudoaxial.  Alternative arylation of the Re face would require the opposite orientation of 
the oxonium ion and this would give rise to a more crowded environment leading to the 
alternative  C 1  epimeric  σ complex.    In  the  conformation  of  the  intermediate  314  the    
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negatively charged titanium atom, which may also be coordinated to the oxonium oxygen, 
is well placed to attach itself to one of the tosyloxy oxygen atoms doubly bonded to sulfur.  
One of these bonds (of this sulfur–oxygen double bond) can then transfer to form a new 
double  bond  between  sulfur  and  the  oxygen  attached  to  the  naphthalene  ring  and  this 
process transfers the tosyloxy group to titanium, thereby allowing the use of the electrons 
originally bonding the tosyloxy to the aromatic ring to restore the intermediate σ complex 
314 to aromaticity as in 315.  In this intermediate it might be speculated that the titanium 
species  adopts  an  octahedral  structure.    Subsequently  the  two  meta disposed  methoxy 
groups on the highly electron rich terminal aromatic ring combine to achieve electrophilic 
aromatic substitution of this ring by bonding to one of the chlorine atoms on titanium, and 
the electron pair attaching this chlorine to titanium then transfers to the metal.  Tosylate can 
also leave this intermediate complex 315 to furnish 316.  The observed product 310 would 
be  obtained  upon  work up  in  which  future  studies  would  seek  tosylate  in  the  aqueous 
bicarbonate  layer.    This  postulated  mechanism  therefore  envisages  the  intermediacy  of 
titanium in achieving the “umpolung” of both chlorine and tosyloxy in order to facilitate 
this  novel  rearrangement  involving  two  electrophilic  aromatic  substitution  processes.  
While it seems reasonable to assume the titanium remains bonded to the pyran C 4 oxygen 
in  order  to  attach  itself  to  tosyloxy,  it  is  premature  to  decide  whether  it  remains  so 
throughout this transformation while delivering chlorine to the terminal ring. If so, titanium 
may  remain attached to  the  C 4 oxygen until work up.   In  either  event  the  transfer  of 
chlorine to the aromatic ring and loss of tosylate may be either concerted or stepwise.  If 
stepwise,  which  event  occurs  first  is  as  yet  unknown.    Upon  hydrolytic  work up  the 
coordinating  capacity  of  titanium  is  removed  and  the  pyran  half chair  would  undergo    
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conformational inversion in order to allow all three substituents on the heterocyclic ring to 
assume the (pseudo)equatorial orientations observed in the product 310. 
   
A second mechanism is as follows.  Two equivalents of titanium tetrachloride have almost 
always been used for the isomerisation of these aryldioxolanes to 2 benzopyrans.
54,57,65,67  
An excess of the Lewis acid has previously been added on the assumption that it may be 
necessary to coordinate to other electron rich atoms in the substrates.  An exception was 
found  in  the  cases  of  the  two  dioxolane  substrates  122  and  124  described  in  the 
Introduction (Chapter 1, pages 36 and 37), which were isomerised rapidly and in excellent 
yields to the respective 2 benzopyrans 123 and 125 with one equivalent of the Lewis acid.  
It is therefore possible in the case of 295 giving 310 that while one equivalent of the Lewis 
acid  coordinates  to  the  dioxolane  oxygen  O 3,  as  shown  in  Scheme  100,  the  second 
equivalent is independently involved in the umpolung of both chlorine and tosyloxy in an 
alternative  intermolecular  mechanism  otherwise  related  to  that  shown  in  Scheme  100.  
Examination of the conversion of dioxolane 295 into naphthopyran 310 with different ratios 
of Lewis acid may shed further light onto the more likely mechanism. 
 
Whichever  mechanism  is  involved,  this  remarkable  process  is  clearly  energetically 
favoured, in line with the fact that it has long been known that α electrophilic substitution 
of naphthalenes is preferred to β substitution, particularly at low temperatures, as in this 
case.  The alternative route involving simple β electrophilic aromatic substitution with the 
loss  of  a  proton,  which  would  give  a  linear  naphthopyran,  would  be  comparitively 
energetically unfavourable in spite of its conventional theoretical simplicity.    
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4.8  Conclusion 
The  work  in  this  chapter  describes  the  extremely  short,  convergent  synthesis  of  the 
enantiopure all cis dioxolane 295 and its high  yielding  conversion into the enantiopure 
chlorinated  angular  naphthopyran  310.    This  highly  unusual  sequence  of  reactions  is 
motivated by the necessity for α substitution of the naphthalenic system, particularly at the 
lower  temperature  (–60  ºC)  at  which  the  reaction  occurs.    This  in  turn  requires  the 
expulsion  of  the  tosyloxy  group.    This  is  possible  through  its  preliminary  transfer  to 
titanium and the system achieves this through subsequent chlorination of the naphthalene.  
The role of titanium is crucial in the effective “umpolung” of both chlorine and tosyloxy.  
The overall yield of 42% (65% based on consumed starting material and recovered diol) for 
the  complete  sequence  of  events  is  remarkably  high  when  considering  the  number  of 
processes involved. 
 
The successful syntheses of the 4,5 trans dioxolanes 291 and 292 from the readily available 
3,5 dimethoxyphenol  272  are  also  described.    It  is  not  clear,  however,  why  no 
corresponding result was achieved for the isomerisation of 291 and 292, and these would be 
worth examining further under modified experimental conditions.  
 
4.9  Future Work   
It remains to isolate the tosyloxy group from the aqueous bicarbonate layer.  This could be 
achieved by acidifying the bicarbonate layer and extracting the resulting toluenesulfonic    
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acid  with  an  organic  solvent.    This  would  provide  further  support  for  the  proposed 
mechanism discussed at the end of section 4.7. 
The isomerisation of dioxolane 295 could also be examined at a lower temperature for the 
possibility of reversing the stereochemistry of the C 1 methyl group.
65 
 
Finally,  since  β substitution  of  naphthalenes  has  long  been  known  to  occur  at  higher 
temperatures, such conditions might reasonably be examined for this particular reaction in 
an effort to produce the linear naphthopyran.  This could be done, for example, by adding 
reagents at –78 ºC as before and immediately allowing the reaction temperature to rise to a 
range of higher temperatures such as 0 ºC, room temperature and even higher temperatures. 
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4.10 Experimental 
4.10.1   Methods and Spectral Data 
 
(S)-Ethyl 2-(1-ethoxyethoxy)propanoate 240 
EtO2C
OH
239
EtO2C
O
240
OEt
 
Pyridinium toluene p sulphonate (830 mg, 3.31 mmol) was added to a solution of (S) ethyl 
lactate  239  (5.0  g,  42.4  mmol)  and  ethyl  vinyl  ether  (6.10  g,  84.7  mmol)  in 
dichloromethane (70 mL) at room temperature under nitrogen. After stirring for 20 min, the 
solution was washed with water (2 × 50mL), dried and concentrated to give 240 (7.60 g, 
94%) as a yellow oil. The experimental data were in agreement with the literature values.
40  
 
(S)-2-(1'-Ethoxyethoxy)propan-1-ol 241 
O
241
OEt
OH
EtO2C
O
240
OEt
 
A solution of the ethyl ester 240 (7.42 g, 39.1 mmol) in diethyl ether (50 mL) was added 
drop wise to a suspension of lithium aluminium hydride (1.38 g, 36.3 mmol) in diethyl 
ether (30 mL) at 0 °C under nitrogen. After stirring at 0 °C for 5 min, the solution was 
allowed  to  warm  to  room  temperature  and  stirred  for  a  further  30  min.  Saturated    
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ammonium chloride solution was then added drop wise until effervescence ceased, then the 
solution dried, filtered and concentrated to yield 241 (5.3 g, 92%) as a yellow oil. The 
experimental data were in agreement with the literature values.
40  
 
(S)-2-(1'-Ethoxyethoxy)propanal 108 
O
108
OEt
O
O
241
OEt
OH
 
Oxalyl chloride (0.87 mL, 10 mmol) and dichloromethane (5 mL) were added to a three 
neck flask and cooled to  78 °C under nitrogen. A solution of dimethyl sulphoxide (1.05 
mL, 15 mmol) was added slowly by syringe, ensuring the internal temperature remained 
below  60 °C. After stirring for 30 min at  78 °C, a solution of the alcohol 241 (1.00g, 6.8 
mmol)  in  dichloromethane  (5  mL)  was  added  slowly  via syringe,  ensuring  the  internal 
temperature remained below  60 °C. The reaction mixture was stirred for a further 15 min 
at  78 °C, then triethylamine (2.7 mL, 20 mmol) was added carefully so as to maintain an 
internal  temperature  below   60  °C.  Upon  warming  to  room  temperature,  the  reaction 
mixture was washed with saturated ammonium chloride (50 mL) and then with saturated 
sodium hydrogencarbonate solution (50 mL), dried and concentrated to give 108 (980 mg, 
98%) as a yellow oil. The experimental data were in agreement with the literature values.
40 
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3,5-Dihydroxyphenyl 4-methylbenzenesulfonate 254 
TsO
OTs
OTs
251
HO
OH
OTs
254  
Potassium  hydroxide  (2.90  g,  51.5  mmol)  in  4:1  methanol–water  (25  mL)  was  added 
dropwise to compound 251 (5.05 g, 8.58 mmol) suspended in methanol (40 mL) at room 
temperature.  The solution was then heated under reflux for 45 min, followed by removal of 
the methanol under vacuum.   The resulting solution was diluted with  water (100  mL), 
acidified with concentrated hydrochloric acid, stirred for 15 min and extracted exhaustively 
with diethyl ether.  The ether layer was dried, concentrated and chromatographed (SiO2, 
2:1, hexanes: EtOAc) to afford 254 (2.21 g, 92 %) as pure white crystals, mp 135–136 °C 
(toluene) (Found: M
+, 280.0402. C13H12O5S requires M, 280.0405); υmax/cm
 1 3421 and 
3346 (OH), 1626 and 1480 (C=C); δH (acetone d6) 2.45 (3H, s, Ar CH3), 2.79 (1H, br s, 
OH), 6.03 (2H, d, J 2.1, 2  and 6 H), 6.26 (1H, t, J 2.1, 4 H), 7.46 (2H, AA'BB', 3'  and 5' 
H), 7.75 (2H, AA'BB', 2'  and 6' H) and 8.55 (1H, s, OH); δC 21.6 (Ar CH3), 101.8 (C 2 
and C 6), 102.3 (C 4), 129.2 (C 2' and C 6'), 129.5 (C 1'), 130.8 (C 3' and C 5'), 133.7 (C 
4'), 146.4 (C 1) and 159.9 (C 3 and C 5); m/z 280 (M
+, 42%), 217 (14), 216 (88), 155 (100) 
and 97 (10). 
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3,5-Bis(benzyloxy)phenyl 4-methylbenzenesulfonate 255 
BnO
OBn
OTs
255
HO
OH
OTs
254  
Benzyl bromide (3.07 mL, 25.9 mmol) was added under nitrogen to a stirred solution of 
254 (2.90 g, 10.4 mmol) and potassium carbonate (3.58 g, 25.9 mmol) in acetone (60 mL) 
at  room  temperature.    The  reaction  mixture  was  stirred  for  18  h,  filtered  and 
chromatographed (SiO2, 4:1, hexanes: EtOAc) to give 255 (4.0 g, 84 %) as pure white 
crystals, mp 83–84 °C (dichloromethane) (Lit.,
98 83–85 ºC).  The experimental data were in 
agreement with the literature values.
98 
 
3,5-Bis(benzyloxy)-2-bromophenyl 4-methylbenzenesulfonate 249 
BnO
OBn
OTs
249
Br
BnO
OBn
OTs
255  
Bromine  (1.19  g,  7.44  mmol)  in  dichloromethane  (35  mL)  was  added  dropwise  to  a 
solution  of  compound  255  (3.50  g,  7.59  mmol)  and  pyridine  (600  mg,  7.59  mmol)  in 
dichloromethane (40 mL) at 0 ºC under nitrogen.  The reaction mixture was stirred at 0 ºC 
for 5 min then warmed to room temperature and stirred for a further 4 h.  The reaction 
mixture was then was with 1M hydrochloric acid (2 × 30 mL), dried, concentrated and 
chromatographed (SiO2, 3:1, hexanes: EtOAc) to give 249 (3.30 g, 81%) as white crystals, 
mp  118–119  ºC  (dichloromethane hexane)  (Lit.
98  117–118  ºC).    The  experimental  data 
were in agreement with the literature values.
98    
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5,7-Bis(benzyloxy)-4-methoxynaphthalen-1-yl acetate 256 
BnO
OBn
OTs
249
Br
O
MeO
236
BnO
OBn
256
OMe
OAc
+
 
Following the procedure described by Giles, Hughes and Sargent,
89 a solution of butyl 
lithium (1.6 M) in hexanes (3.25 mL, 5.19 mmol) was added to a stirred solution of the 
tosylate  249  (2.0  g,  3.71  mmol)  and  2 methoxyfuran  236  (727  mg,  7.42  mmol)  in 
anhydrous tetrahydrofuran (20 mL) at  78 ºC under nitrogen.  The solution was stirred at  
78 ºC for 1 h after which it was allowed to reach room temperature.  The mixture was 
acidified with concentrated hydrochloric acid and stirred for 15 min, then poured into water 
and extracted with ethyl acetate (3 × 20 mL), dried and concentrated.  The crude product 
was immediately dissolved in pyridine (2 mL) and acetic anhydride (3 mL) and stirred at 
room  temperature  for  10  h  under  nitrogen.    Ethyl  acetate  was  added  and  the  reaction 
mixture washed with 1M hydrochloric acid (2 × 15 mL).  The organic layer was dried, 
concentrated and chromatographed (SiO2, 4:1, hexanes: EtOAc) to afford the acetate 256 
(1.05 g, 66%) as yellow crystals mp 150–151 ºC (dichloromethane hexane) (Lit.
98 148–150 
ºC).  The experimental data were in agreement with the literature values.
98 
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5,7-Bis(benzyloxy)-2-((2'S,4'R,5'S)-2',5'-dimethyl-1',3'-dioxolan-4'-yl)-4-
methoxynaphthalen-1-yl 4''-methylbenzenesulfonate 264 
BnO
OBn
264
OMe
TsO O
O BnO
OBn
242
OMe
OH
O
O
OEt
108
+
 
Freshly prepared naphthol 242 (670 mg, 1.74 mmol) was dissolved in toluene (60 mL) in a 
3 necked round bottomed flask.  Water was then removed as its azeotrope by distillation.  
The system was then flushed with nitrogen and fresh, neat titanium tetraisopropoxide (616 
mg, 2.17 mmol) was added, producing a red solution.  The 2 propanol/toluene azeotrope 
was removed by distillation and then the distillation apparatus was replaced by a septum.  
The solution was cooled in an ice bath and the aldehyde 108 (507 mg, 3.47 mmol) added 
via syringe.  After 30 min the flask was transferred to the sonication bath for a further 12 h 
(bath temperature range: 25–45 ºC).  The reaction mixture was then diluted with diethyl 
ether (80mL) and stirred vigorously overnight with saturated sodium fluoride solution (200 
mL).  The mixture was then filtered and the aqueous layer removed.  After extracting the 
aqueous layer with diethyl ether (2 × 20 mL) the combined organic layers were dried, 
concentrated, dissolved in dichloromethane (40 mL) and treated with 1,1 dimethoxyethane 
(1 mL) and 10 camphorsulfonic acid (50 mg, 0.22 mmol).  After stirring for 3 h under 
nitrogen,  the  reaction  mixture  was  washed  with  saturated  sodium  hydrogen  carbonate 
solution (2 x 20 mL).  The organic layer was dried and concentrated, then dissolved in 
acetone (30  mL) and treated with p toluenesulfonyl chloride (440 mg,  2.30 mmol) and 
potassium carbonate (318 mg, 2.30 mmol).  After stirring at room temperature for 12 h 
under nitrogen, the reaction mixture was filtered, concentrated and chromatographed (SiO2,    
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4:1, hexanes: EtOAc) to give the dioxolane 264 as a yellow oil (300 mg, 27% over the three 
steps) [α]D –36.1 (Found: M
+, 640.2142, C37H36SO8 requires M, 640.2131); υmax/cm
 1 1604 
and 1501 (C=C); δH 1.01 (3H, d, J 6.4, 5' CH3), 1.59 (3H, d, J 4.8, 2' CH3), 2.36 (3H, s, Ar 
CH3), 3.97 (3H, s, OCH3), 4.48 (1H, dq, J 7.3 and 6.4, 5' H), 4.61 and 4.68 (each 1H, d, J 
11.1, CH2Ph), 5.14 (2H, br s, CH2Ph), 5.18 (1H, q, J 4.8, 2' H), 5.61 (1H, d, J 7.3, 4' H), 
6.61 (1H, d, J 2.3, 6 H), 6.63 (1H, d, J 2.3, 8 H), 6.87 (1H, s, 3 H), 7.33–7.44 (10H, m, 
C6H5CH2), 7.56 (2H, AA'BB', 3''  and 5'' H) and 7.87 (2H, AA'BB', 2''  and 6'' H); δC 16.2 
(5' CH3), 19.8 (2' CH3), 21.6 (Ar CH3), 56.1 (OCH3), 69.6 (7 OCH2), 71.1 (5 OCH2), 75.7 
(C 5'), 76.2 (C 4'), 93.8 (C 8), 100.7 (C 2'), 101.4 (C 3), 103.3 (C 6), 126.3 (C 4a), 126.8 
(C 2'' and C 6''), 127.6 (C 8a), 127.8 (C 2''' and C 6'''), 128.3 (C 2), 128.4 (C 4'''), 128.6 
(C 3''' and C 5'''), 130.0 (C 2'' and C 6''), 131.2 (C 1''), 136.4 (C 1'''), 137.0 (C 4''), 144.1 
(C 1), 155.2 (C 4), 155.9 (C 5) and 157.4 (C 7); m/z 640 (M
+, 1%), 485 (22), 441 (9), 424 
(10), 92 (14) and 91 (100). 
 
5,7-Bis(benzyloxy)-2-((1'R,2'S)-1',2'-dihydroxypropyl)-4-methoxynaphthalen-1-yl 4''-
methylbenzenesulfonate 266 
BnO
OBn
266
OMe
TsO
OH
OH
BnO
OBn
264
OMe
TsO O
O
 
Titanium tetrachloride (19 mg, 0.10 mmol) was added to a stirred solution of the dioxolane 
264  (35  mg,  0.05  mmol)  in  dichloromethane  (25  mL)  at   78  °C  in  an  atmosphere  of 
nitrogen.  After 1 h, the reaction was quenched with methanol (1 mL), and then neutralised    
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with sodium hydrogencarbonate (2 mL).  This was then poured into water, the organic layer 
separated, and the resulting aqueous layer extracted with more dichloromethane (3 × 20 
mL). The organic layer was dried, concentrated and chromatographed (SiO2, 2:1, hexanes: 
EtOAc) to give starting material 264 (20 mg, 57%) and the erythro diol 266 as a yellow oil 
(5 mg, 15%) [α]D +51.4 (Found: M
+, 614.2002, C35H34SO8 requires M, 614.1974); υmax/cm
 
1 3391 (OH), 1603 and 1496 (C=C); δH 1.17 (3H, d, J 6.3, 2' CH3), 1.96 (1H, br.s, OH), 
2.36 (3H, s, Ar CH3), 3.97 (3H, s, OCH3), 4.23 (1H, ddq, J 2.9, 2.4 and 6.3, 2' H), 4.51 and 
4.70 (each 1H, d, J 11.1, CH2Ph), 5.16 (2H, br s, CH2Ph), 5.16 (1H, d, J 2.4, 1' H), 6.57 
(1H,  d,  J  2.3,  6 H),  6.60  (1H,  d,  J  2.3,  8 H),  7.04  (1H,  s,  3 H),  7.31 7.44  (10H,  m, 
C6H5CH2), 7.56 (2H, AA'BB', 3''  and 5'' H) and 7.82 (2H, AA'BB', 2''  and 6'' H); δC 18.2 
(3' CH3), 21.7 (Ar CH3), 56.2 (OCH3), 69.1 (C 2'), 69.6 (7 OCH2), 71.1 (5 OCH2), 72.1 
(C 1'), 95.1 (C 8), 101.5 (C 3), 102.0 (C 6), 126.8 (C 4a), 127.7 (C 8a)
a, 127.8 (C 2)
a, 
128.3 (C 2'' and C 6'')
b, 128.4 (C 4''')
b, 128.5 (C 2''' and C 6''')
b, 128.7 (C 3''' and C 5''')
b, 
130.0 (C 3'' and C 5''), 133.9 (C 1''), 136.4 (C 1'''), 137.0 (C 4''), 145.7 (C 1), 156.5 (C 4), 
157.4 (C 5) and 158.0 (C 7); m/z 614 (M
+, 1%), 424 (10), 415 (11), 334 (10), 139 (11), 92 
(16) and 91 (100). 
 
5-(Allyloxy)-1,3,8-trimethoxynaphthalene 276 
OMe OMe
OH
MeO
246
OMe OMe
O
MeO
276  
Allyl bromide (582 mg, 4.8 mmol) was added to the naphthol 246 (700 mg, 3.2 mmol) and 
potassium carbonate (619 mg, 4.8 mmol) in acetone (70 mL) under nitrogen. The reaction    
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mixture was heated under reflux for 6 h then filtered, concentrated and chromatographed 
(SiO2, 4:1, hexanes: EtOAc) to afford the allylated product 276 (650 mg, 80%) as white 
crystals, mp 85–86 °C (methanol). (Found: M
+, 274.1203, C16H18O4 requires M, 274.1205); 
υmax/cm
 1 1606 and 1519 (C=C); δH 3.90, 3.93 and 3.95 (each 3H, s, OCH3), 4.66 (2H, dt, J 
5.1 and 1.4, 1' H), 5.31 (1H, dd, J 10.5 and 1.4, 3' H), 5.49 (1H, dd, J 17.3 and 1.6, 3' H), 
6.17 (1H, ddt, J 17.3, 10.5 and 5.1, 2' H), 6.56 (1H, d, J 2.4, 2 H), 6.62 (1H, d, J 8.5, 6 H)
a, 
6.75 (1H, d, J 8.5, 7 H)
a and 7.22 (1H, d, J 2.4, 4 H); δC 55.3, 56.3 and 57.2 (OCH3), 69.7 
(C 1'), 93.2 (C 4), 99.5 (C 2), 104.3 (C 6), 106.9 (C 7), 117.1 (C 3'), 129.5 (C 8a)
a, 129.8 
(C 4a)
a, 133.9 (C 2'), 147.7 (C 5), 151.5 (C 8), 158.1 (C 3)
b and 158.2 (C 1)
b; m/z 275 
(48), 274 (M
+, 85%), 234 (23) and 233 (100). 
 
2-Allyl-4,5,7-trimethoxynaphthalen-1-ol 277 
OMe OMe
OH
MeO
277
OMe OMe
O
MeO
276  
The allyl ether 276 (460 mg, 1.68 mmol) was dissolved in hexanes (30 mL) and the mixture 
stirred under nitrogen at room temperature for 4 h with dimethylaluminium chloride (1.0 M 
in hexanes, 3.37 mL, 3.4 mmol).  Hydrochloric acid (10 mL, 2 molL
 1) was carefully added.  
The organic layer was separated, washed with saturated sodium chloride (10 mL), dried, 
concentrated and chromatographed (SiO2, 2:1, hexanes: EtOAc) to give the naphthol 277 
(445 mg, 97%) as light brown crystals, mp 75–76 °C (CH2Cl2 hexane)  (υmax/cm
 1 1606 and 
1519 (C=C); δH 3.50 (2H, d, J 6.2, 1' H), 3.89, 3.90 and 3.93 (each 3H, s, OCH3), 5.14 5.29 
(3H, m, 3' H and OH), 6.05 (1H, ddt, J 17.7, 9.6 and 6.2, 2' H), 6.48 (1H, s, 3 H), 6.51 (1H,    
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d, J 2.4, 6 H) and 7.08 (1H, d, 8 H); δC 36.1 (C 1'), 55.3 (OCH3), 56.2 (OCH3), 57.2 
(OCH3), 92.5 (C 8), 98.8 (C 6), 107.4 (C 3), 113.2 (C 2), 116.9 (C 3'), 119.4 (C 4a), 129.1 
(C 8a), 136.0 (C 2'), 142.6 (C 1), 151.2 (C 4), 158.1 (C 5) and 158.2 (C 7). 
 
2-Allyl-4,5,7-trimethoxynaphthalen-1-yl 4'-methylbenzenesulfonate 288 
OMe OMe
OH
MeO
277
OMe OMe
OTs
MeO
288  
Compound 277 (630 mg, 2.3 mmol) was treated with toluenesulfonyl chloride (880 mg, 4.6 
mmol)  and  potassium  carbonate  (640mg,  4.6  mmol)  in  acetone  under  nitrogen.    The 
reaction  mixture  was  stirred  at  room  temperature  for  4  h,  filtered,  concentrated  and 
chromatographed (SiO2, 4:1, hexanes: EtOAc) to give the product 288 (880 mg, 89%) as 
pale  yellow  crystals,  mp  113–114  °C  (methanol).  (Found:  M
+,  428.1311,  C23H24O6S 
requires M, 428.1294); υmax/cm
 1 1610 and 1455 (C=C); δH 2.45 (3H, s, Ar CH3), 3.51 (2H, 
d, J 6.6, 1 H'), 3.56, 3.90 and 3.92 (each 3H, s, OCH3), 5.07 5.15 (2H, m, 3' H), 5.90 (1H, 
ddt, J 17.6, 9.5 and 6.6, 2' H), 6.41 (1H, d, J 2.3, 6 H), 6.52 (1H, s, 3 H). 6.57 (1H, d, J 2.3, 
8 H), 7.33 (2H, AA'BB', 3''  and 5'' H) and 7.85 (2H, 2''  and 6'' H); δC 21.7 (Ar CH3), 35.4 
(C 1'), 54.8 (4 OCH3)
a, 56.3 (5 OCH3)
a, 56.4 (7  OCH3)
a, 93.7 (C 8), 99.0 (C 6), 105.2 (C 
3), 112.8 (C 2), 116.9 (C 3'), 128.3 (C 2'' and C 6''), 129.8 (C 3'' and C 5''), 132.1 (C 4a)
b, 
132.2 (C 8a)
b, 134.6 (C 4''), 145.1 (C 1), 155.8 (C 4), 158.4 (C 5)
c and 158.7 (C 7)
c; m/z 
429 (28), 428 (M
+, 14%), 274 (26) and 273 (100). 
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(E)-4,5,7-Trimethoxy-2-(prop-1'-enyl)naphthalen-1-yl 4''-methylbenzenesulfonate 289 
OMe OMe
TsO
MeO
289
OMe OMe
OTs
MeO
288  
Bis(acetonitrile)dichloropalladium(II) (20 mg) was added to the compound 288 (600 mg, 
1.4 mmol) in chloroform (50 mL) under nitrogen and heated under reflux for 6 h. The 
solution was then cooled and filtered through diatomaceous earth to afford the conjugated 
alkene 289 (500 mg, 83%) as pale yellow crystals, mp 138–140 °C (methanol). (Found: 
M
+, 428.1281, C23H24O6S requires M, 428.1294); υmax/cm
 1 1600 and 1449 (C=C); δH 1.73 
(3H, dd, J 6.4 and 0.9, 3' CH3), 2.45 (3H, s, Ar CH3), 3.73, 3.91 and 3.94 (each 3H, s, 
OCH3), 6.20 (1H, dq, J 15.7 and 6.4, 2' H), 6.39 (1H, dq, J 15.7 and 0.9, 1' H), 6.45 (1H, d, 
J 2.1, 6 H), 6.71 (1H, s, 3 H), 6.84 (1H, d, J 2.1, 8 H), 7.32 (2H, AA'BB', 3''  and 5'' H) 
and 7.82 (2H, AA'BB', 2''  and 6'' H); δC 18.7 (3 CH3), 21.6 (Ar CH3), 55.1, 56.4 and 56.5 
(OCH3), 94.3 (C 8), 99.4 (C 6)
a, 100.4 (C 3)
a, 113.1 (C 4a), 125.4 (C 1'), 128.4 (C 2')
b, 
128.6 (C 2'' and C 6'')
b, 129.2 (C 8a), 129.7 (C 3'' and C 5''), 132.8 (C 2), 134.2 (C 1''), 
136.3 (C 4''), 145.1 (C 1), 155.8 (C 5)
c and 159.0 (C 7)
c; m/z 429 (37), 428 (M
+, 26%), 274 
(25), 273 (100), 154 (31) and 137 (19). 
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rel-(1S,2S)-2-(1',2'-Dihydroxypropyl)-4,5,7-trimethoxynaphthalen-1-yl 4''-
methylbenzenesulfonate 290 
OMe OMe
TsO
MeO
290
OH
OH
OMe OMe
TsO
MeO
289  
The alkene 289 (440 mg, 1.0 mmol) in a 2:1 mixture of acetone water (30 mL) was treated 
with N methylmorpholine N oxide (240 mg, 2.1 mmol) and osmium tetroxide (5 mg) in 
tert butyl alcohol (1 mL) at 0 °C under nitrogen. After 15 min, the reaction mixture was 
allowed  to  warm  to  room  temperature  and  stirred  for  a  further  6  h.  The  acetone  was 
removed  under  vacuum  and  the  remaining  aqueous  layer  was  poured  into  dilute 
hydrochloric acid (2 M, 5 mL) then extracted with ethyl acetate exhaustively. The residue 
obtained upon work up was chromatographed (SiO2, 2:1, hexanes: EtOAc) to give the diol 
290 (374 mg, 79%) as pale yellow crystals, mp 143–144 °C (2 propanol). (Found: M
+, 
462.1368, C23H26O8S requires M, 462.1348); υmax/cm
 1 3502 (OH), 1607 and 1450 (C=C); 
δH 0.95 (3H, d, J 6.3, 3' CH3), 2.44 (3H, s, Ar CH3), 2.87 (H, d, J 2.1, 2' OH), 3.09 (1H, d, 
J 3.4, 1' OH), 3.54, 3.90 and 3.97 (each 3H, s, OCH3), 4.04 (1H, ddq, J 7.9, 2.1 and 6.3, 2' 
H), 4.95 (1H, dd, J 7.9 and 3.4, 1' H), 6.42 (1H, d, J 2.3, 6 H), 6.45 (1H, d, J 2.3, 8 H), 
6.78 (1H, s, 3 H), 7.30 (2H, AA'BB', 3''  and 5'' H) and 7.79 (2H, AA'BB', 2''  and 6'' H); 
δC 18.0 (3' CH3), 21.7 (Ar CH3), 54.8, 56.3 and 56.4 (OCH3), 70.8 (C 2'), 73.5 (C 1'), 93.8 
(C 8), 99.6 (C 6), 101.3 (C 3), 113.6 (C 4a), 128.5 (C 2'' and C 6''), 130.0 (C 3'' and C 5''), 
131.6 (C 8a)
a, 133.5 (C 2)
a, 133.6 (C 1'')
a, 136.1 (C 4''), 145.7 (C 1), 156.6 (C 4), 158.4 
(C 5)
b, 158.8 (C 7)
b; m/z 463 (33), 462 (M
+, 13%), 308 (37), 307 (76), 291 (21), 290 (100), 
319 (100) and 263 (64).    
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2-(rel-(2'S,4'S,5'S)-2',5'-Dimethyl-1',3'-dioxolan-4'-yl)-4,5,7-trimethoxynaphthalen-1-
yl 4''-methylbenzenesulfonate 291 and 2-(rel-(2'R,4'S,5'S)-2',5'-dimethyl-1',3'-
dioxolan-4'-yl)-4,5,7-trimethoxynaphthalen-1-yl 4''-methylbenzenesulfonate 292 
OMe OMe
TsO
MeO
291
O
O
OMe OMe
TsO
MeO
292
O
O
OMe OMe
TsO
MeO
290
OH
OH +
 
Diol  290  (300  mg,  0.7  mmol)  in  dichloromethane  (30  mL)  was  treated  with  1,1 
dimethoxyethane (90 mg, 1.0 mmol) and 10 camphorsulfonic acid (230 mg, 1.0 mmol) 
under nitrogen and stirred at room temperature for 1 h. The reaction was quenched with 
saturated aqueous sodium hydrogen carbonate (20 mL). The organic layer was separated 
with the aqueous layer extracted with dichloromethane (2 × 15 mL), dried, concentrated 
and  chromatographed  (SiO2,  3:1,  hexanes:  EtOAc)  to  afford  an  inseparable  4:1 
diastereomeric mixture of dioxolanes 291 and 292 as a yellow oil (275 mg, 87%) (Found: 
M
+, 488.1556, C25H28O8S requires M, 488.1505); υmax/cm
 1 1606 and 1487 (C=C); δH (for 
291) 1.29 (3H,d, J 6.1, 5' CH3), 1.42 (3H, d, J 4.8, 2' CH3), 2.45 (3H, s, Ar CH3), 3.67, 
3.91 and 3.96 (each 3H, s, OCH3), 3.82 (1H, dq, J 7.7 and 6.1, 5' H), 4.80 (1H, d, J 7.7, 4' 
H), 5.44 (1H, q, J 4.8, 2' H), 6.47 (1H, d, J 2.3, 6 H), 6.73 (1H, d, J 2.3, 8 H), 6.77 (1H, s, 
3 H), 7.34 (2H, AA'BB', 3''  and 5'' H) and 7.83 (2H, AA'BB', 2''  and 6'' H); δC (for 291) 
16.8 (5' CH3), 20.9 (2' CH3), 21.7 (Ar CH3), 55.0, 56.4 and 56.5 (OCH3), 78.9 (C 5), 81.1 
(C 4), 94.1 (C 8), 99.7 (C 6), 101.0 (C 3), 102.4 (C 2'), 113.7 (C 4a), 128.4 (C 2'' and C 
6''), 129.9 (C 3'' and C 5''), 131.2 (C 8a), 132.4 (C 2), 134.1 (C 1''), 136.8 (C 4''), 145.5 (C 
1), 156.5 (C 4), 158.4 (C 5) and 159.0 (C 7); m/z ; δH (for 292) 1.31 (3H, d, J 6.4, 5' CH3), 
1.53 (3H, d, J 4.8, 2' CH3), 2.45 (3H, s, Ar CH3), 3.56, 3.90 and 3.98 (each 3H, s, OCH3),    
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4.09 (1H, dq, J 5.7 and 6.4, 5' H), 5.00 (1H, d, J 5.7, 4' H), 5.28 (1H, q, J 4.8, 2' H), 6.44 
(1H, d, J 2.3, 6 H), 6.55 (1H, d, J 2.3, 8 H), 6.86 (1H, s, 3 H), 7.32 (2H, AA'BB', 3''  and 
5'' H) and 7.82 (2H, AA'BB', 2''  and 6'' H); δC (for 292) 17.9 (5' CH3), 20.2 (2' CH3), 54.8, 
56.4 and 56.5 (OCH3), 79.6 (C 5), 79.8 (C 4), 93.9 (C 8), 99.7 (C 6), 100.7 (C 3), 101.3 
(C 2'), 113.7 (C 4a), 128.4 (C 2'' and C 6''), 130.0 (C 3'' and C 5''), 131.6 (C 8a), 131.9 (C 
2), 134.1 (C 1''), 136.6 (C 4''), 145.5 (C 1), 156.5 (C 4), 158.4 (C 5)
a and 158.8 (C 7)
a; m/z 
489 (36), 488 (M
+, 26), 334 (29), 333 (100), 290 (31) and 289 (11). 
 
2-Allyl-4,5,7-trimethoxynaphthalen-1-yl trifluoromethanesulfonate 284 
 
OMe OMe
OTf
MeO
284
OMe OMe
OH
MeO
277  
To a solution of 277 (400 mg, 1.47 mmol) in dichloromethane (40 mL) under nitrogen, 
pyridine (370 mg, 4.67 mmol) was added.  Trifluoromethanesulfonic anhydride (875 mg, 
3.11 mmol) was added dropwise and the resulting solution was allowed to stir at room 
temperature for 2 h.  Diethyl ether (15 mL) was then added and the resulting precipitate 
removed  by  filtration.    The  resulting  reaction  mixture  was  concentrated  and 
chromatographed (SiO2, 3:1, hexanes: EtOAc) to afford 284 (510 mg, 86%) as off white 
crystals,  mp  74–75  °C  (methanol)  (Found:  M
+,  406.0692.  C17H17F3O6S  requires  M, 
406.0698); υmax/cm
 1 1610 and 1472 (C=C); δH 3.60 (2H, dt, J 6.6 and 1.3, 1' H), 3.91, 3.92 
and 3.93 (each 3H, s, OCH3), 5.14 5.23 (2H, m, 3' H), 5.96 (1H, ddt, J 17.4, 9.6 and 6.6, 2' 
H), 6.53 (1H, s, 3 H), 6.53 (1H, d, J 2.3, 6 H) and 6.94 (1H, d, J 2.3, 8 H); δC 34.8 (C 1'), 
55.2, 56.3 and 56.4 (OCH3), 92.5 (C 8), 99.4 (C 6), 104.7 (C 3), 112.9 (C 2), 117.5 (C 3'),    
  202 
131.5 (C 4a), 131.8 (C 8a), 134.8 (C 2'), 135.4 (C 1), 157.0 (C 4), 158.7 (C 5) and 159.7 
(C 7); m/z 406 (M
+, 11%), 274 (23), 273 (100), 272 (24), 242 (31) and 241 (11). 
 
(E)-4,5,7-Trimethoxy-2-(prop-1'-enyl)naphthalen-1-yl trifluoromethanesulfonate 285 
OMe OMe
OTf
MeO
285
OMe OMe
OTf
MeO
284  
Bis(acetonitrile)dichloropalladium(II) (20 mg) was added to the compound 284 (340 mg, 
0.84 mmol) in chloroform (40 mL) under nitrogen and stirred at room temperature for 24 h.  
The  solution  was  then  filtered  through  diatomaceous  earth,  concentrated  and 
chromatographed (SiO2, 4:1, hexanes: EtOAc) to give recovered starting material 284 (180 
mg)  followed  by  the  conjugated  alkene  285  as  an  orange  oil  (70  mg,  44%  based  on 
consumed starting material)  (Found: M
+, 406.0691. C17H17F3O6S requires M, 406.0698); 
υmax/cm
 1 1603 and 1496 (C=C); δH 1.98 (3H, dd, J 6.6 and 1.7, 3' CH3), 3.91, 3.93 and 
3.97 (each 3H, s, OCH3), 6.40 (1H, dq, J 15.7 and 6.6, 2' H), 6.53 (1H, d, J 2.3, 6 H), 6.73 
(1H, dq, J 15.7 and 1.7, 1' H), 6.75 (1H, s, 3 H) and 6.93 (1H, d, J 2.3, 8 H); δC 18.9 (3' 
CH3), 55.3, 56.4 and 56.5 (OCH3), 92.8 (C 8), 99.6 (C 6), 100.7 (C 3), 113.1 (C 4a), 124.2 
(C 1'), 129.7 (C 2), 131.3 (C 2'), 131.7 (C 8a), 134.9 (C 1), 156.9 (C 4), 158.7 (C 5) and 
159.8 (C 7); m/z 464 (M
+, 9%), 274 (90), 272 (100), 242 (21) and 229 (22). 
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2-((1'S,2'S)-1',2'-Dihydroxypropyl)-4,5,7-trimethoxynaphthalen-1-yl 
trifluoromethanesulfonate 286 
OMe OMe
TfO
MeO
286
OH
OH
OMe OMe
OTf
MeO
285  
The alkene 285 (75 mg, 0.2 mmol) in 2:1 mixture of acetone water (20 mL) was treated 
with N methylmorpholine N oxide (45 mg, 0.4 mmol) and osmium tetroxide (5 mg) in tert 
butyl  alcohol  (1  mL)  at  0  °C  under  nitrogen.  After  15  min,  the  reaction  mixture  was 
allowed  to  warm  to  room  temperature  and  stirred  for  a  further  5  h.  The  acetone  was 
removed  under  vacuum  and  the  remaining  aqueous  layer  was  poured  into  dilute 
hydrochloric acid (2 M, 5 mL) then extracted with ethyl acetate exhaustively. The residue 
obtained upon work up was chromatographed (SiO2, 2:1, hexanes: EtOAc) to give the diol 
286 as a dark yellow oil (55 mg, 68%)  (Found: M
+, 440.0753. C17H19F3O8S requires M, 
440.0753); υmax/cm
 1 3498 (OH), 1612 and 1484 (C=C); δH 1.05 (3H, d, J 6.3, 2' CH3), 
3.91, 3.93 and 3.97 (each 3H, s, OCH3), 3.97 (1H, dq, J 7.3 and 6.3, 2' H), 4.91 (1H, d, J 
7.3, 1' H), 6.57 (1H, d, J 2.1, 6 H), 6.81 (1H, s, 3 H) and 6.93 (1H, d, J 2.1, 8 H); δC 18.2 
(2' CH3), 55.3, 56.4 and 56.5 (OCH3), 71.2 (C 2'), 72.9 (C 1'), 92.9 (C 8), 100.2 (C 6), 
101.0 (C 3), 113.8 (CF3), 120.9 (C 4a), 131.1 (C 8a), 133.3 (C 2), 134.2 (C 1), 157.7 (C 
4), 158.8 (C 5) and 159.9 (C 7); m/z 440 (M
+, 4%), 272 (69), 261 (100), 233 (88), 205 (76), 
149 (60), 111 (45), 109 (51), 105 (59) and 99 (41). 
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3,5-Dimethoxyphenyl 4-methylbenzenesulfonate 273 
OMe
MeO OTs
273
OMe
MeO OH
272  
A  solution  of  the  phenol  272  (5.0  g,  32.5  mmol)  in  acetone  was  treated  with  p 
toluenesulfonyl chloride (8.68 g, 45.5 mmol) and potassium carbonate (6.27 g, 45.5 mmol) 
and stirred at room temperature for 12 h under nitrogen.  The reaction mixture was filtered, 
concentrated and chromatographed (SiO2, 4:1, hexanes: EtOAc) to give the tosylate 273 
(8.42  g,  94%)  as  white  crystals,  mp  61–62  ºC  (toluene)  (Lit.,
89  62–63  ºC).    The 
experimental data were in agreement with the literature values.
89   
 
2-Bromo-3,5-dimethoxyphenyl 4-methylbenzenesulfonate 244 
OMe
MeO OTs
273
OMe
MeO OTs
244
Br
 
A  solution  of  bromine  (1.55  g,  9.69  mmol)  in  dichloromethane  (45  mL)  was  added 
dropwise to 273 (3.0 g, 9.74 mmol) in dichloromethane (40 mL) at 0 ºC under nitrogen.  
The solution was stirred at 0 ºC for 5 min then allowed to warm to room temperature and 
stirred for a further 6 h.  The reaction mixture was then was with 1M hydrochloric acid (2 × 
30 mL), dried, concentrated and chromatographed (SiO2, 4:1, hexanes: EtOAc) to give 244 
(3.5 g, 93%) as a white solid, mp 110–111 ºC (dichloromethane–hexane) (Lit.,
99 111 ºC). 
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4,5,7-Trimethoxynaphthalen-1-yl acetate 274 
MeO
OMe
OTs
244
Br
O
MeO
236
MeO
OMe
274
OMe
OAc
+
 
Following the procedure described by Giles, Hughes and Sargent,
89 the acetate 274 (64%) 
was obtained as a pale yellow solid, mp 112–113 ºC (dichloromethane hexane) (Lit.,
100 
111–112 ºC).  The experimental data were in agreement with the literature values.
89    
 
2-((2'S,4'R,5'S)-2',5'-Dimethyl-1',3'-dioxolan-4'-yl)-4,5,7-trimethoxynaphthalen-1-yl 
4''-methylbenzenesulfonate 295 
OMe
MeO
OMe
TsO
295
O
O
OMe OMe
OH
MeO
246
O
108
OEt
O
 
Freshly prepared naphthol 246 (275 mg, 1.17 mmol) was dissolved in toluene (40 mL) in a 
3 necked round bottomed flask.  Water was then removed as its azeotrope by distillation.  
The system was then flushed with nitrogen and fresh, neat titanium tetraisopropoxide (391 
mg, 1.38 mmol) was added, producing a red solution.  The 2 propanol/toluene azeotrope 
was removed by distillation and then the distillation apparatus was replaced by a septum.  
The solution was cooled in an ice bath and the aldehyde 108 (343 mg, 2.35 mmol) added 
via syringe.  After 30 min the flask was transferred to the sonication bath for a further 14 h 
(bath temperature range: 25–45 ºC).  The reaction mixture was then diluted with diethyl 
ether (70 mL) and stirred vigorously overnight with saturated sodium fluoride solution (150    
  206 
mL).  The mixture was then filtered and the aqueous layer removed.  After extracting the 
aqueous layer with diethyl ether (2 × 20 mL) the combined organic layers were dried, 
concentrated, dissolved in dichloromethane (20 mL) and treated with 1,1 dimethoxyethane 
(1 mL) and 10 camphorsulfonic acid (50 mg, 0.22 mmol).  After stirring for 3 h under 
nitrogen,  the  reaction  mixture  was  washed  with  saturated  sodium  hydrogen  carbonate 
solution (2 x 20 mL).  The organic layer was dried and concentrated, then dissolved in 
acetone (20  mL) and treated with p toluenesulfonyl chloride (337 mg,  1.76 mmol) and 
potassium carbonate (243 mg, 1.76 mmol).  After stirring at room temperature for 16 h 
under nitrogen, the reaction mixture was filtered, concentrated and chromatographed (SiO2, 
3:1, hexanes: EtOAc) to give the dioxolane 295 as a yellow oil (149 mg, 26% over the three 
steps) [α]D –23.3 (Found: M
+, 488.1515, C25H28SO8 requires M, 488.1505); υmax/cm
 1 1608 
and 1468 (C=C); δH 0.99 (3H, d, J 6.4, 5' CH3), 1.57 (3H, d, J 4.8, 2' CH3), 2.46 (3H, s, Ar 
CH3), 3.56, 3.91 and 3.98 (each 3H, s, OCH3), 4.44 (1H, dq, J 7.3 and 6.4, 5' H), 5.16 (1H, 
q, J 4.8, 2' H), 5.56 (1H, d, J 7.3, 4' H),  6.44 (1H, d, J 2.3, 6 H), 6.53 (1H, d, J 2.3, 8 H), 
6.84 (1H, s, 3 H), 7.35 (2H, AA'BB', 3''  and 5'' H) and 7.86 (2H, AA'BB', 2''  and 6'' H); 
δC 16.1 (5' CH3), 19.7 (2' CH3), 21.7 (Ar CH3), 54.8, 56.3 and 56.5 (OCH3), 75.7 (C 5'), 
76.2 (C 4'), 93.7 (C 8), 99.5 (C 6), 100.7 (C 3), 103.2 (C 2'), 113.6 (C 4a), 128.2 (C 2'' and 
C 6''), 129.9 (C 3'' and C 5''), 131.0 (C 8a), 131.8 (C 2), 134.2 (C 1''), 136.3 (C 4''), 145.5 
(C 1), 155.8 (C 4), 158.4 (C 5) and 158.8 (C 7); m/z 488 (M
+, 6%), 333 (62), 289 (100), 
273 (50), 272 (87), 233 (37), 139 (32) and 91 (45). 
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(1R,3S,4R)-10-Chloro-6,7,9-trimethoxy-1,3-dimethyl-3,4-dihydro-1H-
benzo[h]isochromen-4-ol 310 and 2-((1'R,2'S)-1',2'-dihydroxypropyl)-4,5,7-
trimethoxynaphthalen-1-yl 4''-methylbenzenesulfonate 297 
OMe
MeO
OMe
TsO
295
O
O
OMe OMe
TsO
MeO
297
OH
OH
+
MeO
OMe OMe
310
O
OH
Cl
 
Titanium  tetrachloride  (156  mg,  0.82  mmol)  was  added  to  a  stirred  solution  of  the 
dioxolane 295 (200 mg, 0.41 mmol) in dry methylene dichloride (30 mL) at  65 °C in an 
atmosphere of nitrogen.  After 1 h, the reaction was quenched with methanol (1 mL), and 
then neutralised with sodium hydrogencarbonate (2 mL).  This was then poured onto water, 
the  organic  layer  separated,  and  the  resulting  aqueous  layer  extracted  with  more 
dichloromethane  (3  ×  10  mL).  The  organic  layer  was  dried,  concentrated  and 
chromatographed (SiO2, 4:1, hexanes: EtOAc) to give three separate components.  The first 
compound to be eluted was the starting material dioxolane 295 (60 mg, 30%), followed by 
the  naphthopyran  310  (60  mg,  42%,  65%  based  on  consumed  starting  material  and 
recovered  diol)  mp  112–114  ºC  (chloroform)  [α]D  +273.1  (Found:  M
+,  352.1080, 
C18H21O5Cl requires M, 352.1078); υmax/cm
 1 3489 (OH), 1601 and 1466 (C=C); δH 1.28 
(3H, d, J 6.1, 1 CH3), 1.48 (3H, d, J 6.1, 3 CH3), 1.64 (1H, d, J 9.6, OH), 3.61 (1H, dq, J 
8.9 and 6.1, 3 H), 3.96 (3H, s, 6 OCH3), 3.97 and 4.00 (each 3H, s, 7  and  9 OCH3), 4.44 
(1H, ddd, J 9.6, 8.9, and 1.5, 4 H), 6.12 (1H, dq, J 1.5 and 6.1, 1 H), 6.68 (1H, s, 8 H) and 
6.94 (1H, s, 5 H); δC 18.6 (1 CH3)
a, 23.7 (3 CH3)
a, 56.5, 56.9 and 57.2 (OCH3), 72.3 (C 1), 
74.0 (C 3), 74.2 (C 1), 95.7 (C 8), 103.1 (C 5), 108.3 (C 10), 114.7 (C 6a), 128.1 (C 10b),    
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133.3 (C 10a), 138.7 (C 4a), 154.7 (C 7), 156.6 (C 9) and 158.1 (C 6); m/z 354 (14), 352 
(M
+, 39%), 339 (34), 337 (100), 321 (29), 319 (76), 293 (11), 285 (11) and 258 (11).  The 
final compound to be eluted was the erythro diol 297 as a yellow oil (15 mg, 8%) [α]D 
+30.2  (Found:  M
+,  462.1348,  C23H26O8S  requires  M,  462.1348);  υmax/cm
 1  3497  (OH), 
1607 and 1455 (C=C); δH 1.15 (3H, d, J 6.3, 3' CH3), 2.45 (3H, Ar CH3), 2.88 (H, br s, 
OH), 3.52, 3.90 and 3.97 (each 3H, s, OCH3), 4.21 (1H, dq, J 5.5 and 6.3, 2' H), 5.11 (1H, 
d, J 5.5, 1' H), 6.42 (1H, d, J 2.3, 6 H), 6.46 (1H, d, J 2.3, 8 H), 7.01 (1H, s, 3 H), 7.32 
(2H, AA'BB', 3''  and 5'' H) and 7.81 (2H, AA'BB', 2''  and 6'' H); m/z 462 (M
+, 1%), 337 
(17), 334 (18), 321 (36), 320 (20), 319 (100), 316 (18), 285 (19) and 271 (16). 
 
(1R,3S,4R)-10-Chloro-6,7,9-trimethoxy-1,3-dimethyl-3,4-dihydro-1H-
benzo[h]isochromen-4-yl acetate 311 
MeO
OMe OMe
311
O
OAc
Cl
MeO
OMe OMe
310
O
OH
Cl
 
The naphthopyran 310 (6 mg, 0.02 mmol) was dissolved in pyridine (0.5 mL) and treated 
with acetic anhydride (10 mg, 0.1 mmol) with stirring under nitrogen at room temperature. 
After 2h, ethyl acetate was added (15 mL) and washed with water. The organic layer was 
dried, concentrated and chromatographed (SiO2, 4:1, hexanes: EtOAc) giving the acetylated 
product  311  as  a  light  brown  oil  (6  mg,  85%)  [α]D  +144.6  (Found:  M
+,  394.1191. 
C20H23O6Cl requires M, 394.1183); υmax /cm
 1 1739 (C=O), 1599 and 1465 (C=C); δH 1.29 
(3H, d, J 6.1, 1 CH3), 1.36 (3H, d, J 6.2, 3 CH3), 2.17 (3H, s, OAc), 3.83 (1H, dq, J 9.0 and    
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6.2, 3 H), 3.89, 3.97 and 4.01 (each 3H, s, OCH3), 5.97 (1H, dd, J 9.0 and 1.5, 4 H), 6.13 
(1H, dq, J 6.1 and 1.5, 1 H), 6.52 (1H, s, 8 H) and 6.69 (1H, s, 6 H); δC 18.5 (3 CH3), 21.2 
(CH3CO)
a, 23.7 (1 CH3)
a, 56.5, 56.9 and 57.2 (OCH3), 71.4 (C 3)
b, 72.5 (C 3)
b, 74.2 (C 
4)
b, 95.9 (C 8), 103.2 (C 5), 108.3 (C 10), 114.9 (C 6a), 129.2 (C 10b), 133.4 (C 10a), 
135.2 (C 4a), 154.7 (C 7), 156.5 (C 9), 158.1 (C 6) and 171.4 (CH3CO); m/z 394 (M
+, 5%), 
334 (15), 321 (34), 320 (19) and 319 (100). 
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Figure A-1. 
1H NMR spectrum of 79 and 229.  
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Figure A-2. 
1H NMR spectrum of 310.  
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Figure A-3. 
1H NMR spectrum of 311.  
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Figure A-5. Expanded NOESY spectrum of 310. 